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The storage, and subsequent release, of mechanical potential energy during the deformation
of a material is an important phenomenon that allows for the working principles of engineered
spring devices to be realized. The recovery of the released mechanical potential energy, stored as
atomic configurational changes, can be utilized and harnessed to perform work on an element in
the surrounding environment. This interplay between storage and release of mechanical potential
energy in materials plays important roles not only in the engineering of advanced “spring” devices
such as sporting equipment and resonators in microelectromechanical systems (MEMS) devices
but also in the fast and high-powered locomotion of many animals. Furthermore, mechanical
potential energy could be utilized in emerging technologies such as alternative energy systems as
well as artificial muscle for robotic movements and motion.
Modulus of resilience is the measure of a material’s ability to store and release elastic strain
energy prior to plastic yielding and is highly dependent upon the strength and the Young’s modulus
of a material. It is desirable to have high strength and low Young’s modulus to obtain high modulus
of resilience. In general, designing a material with enhanced modulus of resilience is not
straightforward; this is because of the mutual scaling relationship present between strength and
Young’s modulus. It is therefore, necessary to consider and develop a novel fabrication method in
which a material with high mechanical strength and a compliant Young’s modulus can be realized.

Keith Dusoe, University of Connecticut, 2018

In this dissertation, we develop a novel synthesis technique to realize high-strength,
compliant polymer nanocomposite; offer a fundamental design principle to fabricate polymer
nanocomposite with high modulus of resilience based on micromechanical models and
demonstrate application to three-dimensional architectured systems where enhancement of the
modulus of resilience of microlattices are discussed.
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Chapter 1: Introduction and Background
1.1. General overview
During mechanical deformation, an applied force changes the volume or dimensions of a
material system. When the deformation is elastic, the mechanical potential energy is stored
primarily in the displacement of the material’s atoms from their equilibrium positions. Once the
applied force is removed, the stored mechanical energy is released to the surrounding environment,
accounts for the return of displaced atoms back to their equilibrium positions. The storage and
release of mechanical potential energy, or elastic strain energy, play important roles in both natural
and engineered mechanical actuation systems, including biological tissues responsible for the fast
and high-powered locomotions in animals31,32 as well as high-performance micro-/nano-electromechanical systems (MEMS/NEMS) resonators and actuators (Figure 1.1).33 Many emerging
technologies also hinge upon effective uses of mechanical energy storage and release, such as
alternative energy systems34,35 and artificial muscles for robotic movements and motions36,5.
Elastic mechanical energy within a system can be quantified by considering the resulting work
performed by application of a force. Work is defined as
𝑊 = 𝐹𝑠,

(1.1)

where F is the magnitude of the applied force and s is the resulting displacement. Considering a
linearly elastic material, we can consult the development of formalisms for the classical example
of an elastic component, a spring. Consulting Hooke’s Law:

1

Figure 1.1: Examples of devices or elements that utilize storage and release of mechanical
potential energy: a. MEMS resonator; b. commercial golf club; c. synthetic ‘muscle’ for jumping
microbot2; d. tendon-muscle interplay in leaping avian species3; e. exoskeleton saddle of peacock
mantis shrimp4 f. material selection in prosthetic foot5
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(1.2)

F = −kx,

where F is the restoring force exerted by the spring to return to its equilibrium position; k is the
spring constant or stiffness of the spring material; and x is the displacement of the spring from
equilibrium. The generally accepted assumption is that the restoring force is related to the force
applied by:
Fa = − Fr = kx

(1.3)

From work-energy principles, we state that:
W = dU = Fa dx,

(1.4)

where dU is the incremental energy storage within a spring associated with the applied force
resulting in an infinitesimal change in displacement, dx. Therefore, the total energy stored within
a spring, U, deformed from its original position, xo, to its final position, x, is:
x

x

U = ∫ dU = ∫ kx dx =
xo

xo

1
k(x − xo )2
2

(1.5)

A general statement for the total stored mechanical energy applied to an elastically deforming
material can be expressed as:
l

l − l0
(l − lo )2
U = ∫ dU = EA (
) dl = EA
lo
2lo
lo

(1.6)

Consideration of the total stored energy density, that is, stored mechanical energy per unit volume,
where:
V = Alo

3

(1.7)

U
Δl2
1 2 σ2
u=
= E 2 = Eε =
Alo
2lo
2
2E

(1.8)

This theoretical treatment of the stored mechanical energy, from Hooke’s Law, can be
examined and visualized as the area under a material’s stress-strain curve (Fig. 1.2). In this
dissertation, limiting our discussion to deformations that are recoverable, or within the elastic limit
of a material, we are considering the storage of elastic mechanical potential energy in a material.
Prior to the onset of yielding, or plastic deformation, removal of an applied force results in recovery
of the change in displacement due to mechanical work. In this case, when the applied load is
removed, the strain energy stored during deformation within the material as interatomic
displacements is released, accounting for the recoverable strain and return to the material’s initial
dimensions, prior to loading. We define an ideal elastic material as one which: (1) the loadingunloading stress-strain paths are the same; (2) there is no rate dependence; and (3) it does not
undergo any permanent deformation.
Materials undergoing elastic deformation in which the loading-unloading paths of the
stress-strain response do not coincide, additional considerations are required, as the mechanical
potential energy stored in these materials is not fully recoverable. In experimental works, we
observe this type of elastic deformation as having a hysteresis loop in the stress-strain curve for
those materials. Put straightforwardly, the path of loading differs from the unloading path as the
material returns to its equilibrium position upon removal of applied force. Shape memory materials
exhibiting pseudoelasticity display this behavior. In this case, integration of the unloading portion
of the stress-strain curve provides the energy storage density, while the area of the hysteresis
accounts for losses of mechanical potential energy to the surroundings, typically as heat (Fig. 1.3).

4

Figure 1.2: Stress-strain response of a (a) linear elastic and (b) nonlinear elastic material during
uni-axial deformation, with visualization of the stored mechanical potential energy as the area
under the curve.

Figure 1.3: Stress-strain response of a material during uni-axial deformation. Hysteresis of loading
and unloading paths due to non-linear deformation behavior. Visualization of the stored
mechanical potential energy and energy losses, typically as heat to surroundings.
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Upon examination of the development of the definition of total stored elastic energy
density (eq. 1.8) and from visualization of this concept as the area under the stress-strain curve
(Figs. 1.2 and 1.3), one can see that the total stored elastic energy density, u, is quadratic to the
strength of a material and inversely proportional to its Young’s modulus. When one considers
material selection for design where large u is desired, a material that is strong and compliant should
be considered. From eq. 1.8, we define a material index (M) with an objective to maximize stored
elastic energy per unit volume:

u=

σ2
σ Eε
=
2E
2E

(1.9)

M1 = σε

(1.10)

σ2
M2 =
E

(1.11)

and

In order to achieve a large value for M2, a material that is strong and compliant is best
suited. However, engineering such a strength-Young’s modulus combination is highly challenging
because both properties typically scale together.9 One route to realize this atypical coupling of
mechanical properties is by investigation of polymer nanocomposite materials. Polymer matrix
composites prove to be the most promising material candidates for design of a material with large
total elastic strain energy storage density. Considering the high strength-low modulus requirement
for high M2, successful strengthening of a polymer with intrinsically compliant Young’s modulus
would produce this. However, the typical trend in strengthen of polymers by compositing or other
methods results in a stiffening of the material (/E ~ 1), ultimately allowing for conservative values
of u to be realized.
6

Another route to design and realization of a material with large total elastic energy storage
density, is to consider maximization of material index M1. From this design standpoint, u is
proportional directly to the product of the strength of the material and the total recoverable strain.
One class of materials which are typically exhibit high strength and large, recoverable strains are
shape memory materials which display pseudoelasticity. This class of materials exhibits a
deformation-induced phase change which occurs reversibly. Upon deformation, a transition from
the parent phase to a metastable deformed crystallographic phase occurs. A shape memory
material, upon mechanical loading, will undergo deformation of the parent phase and the transition
phase. At temperatures above the transition temperature at which the deformed phase is metastable,
the resulting strain from deformation of both crystallographic phase variants is recoverable.
Pseudoelasticity in shape memory materials accounts for reversible strains, which are orders of
magnitude larger than traditional materials and thus, prove to be excellent candidates as novel
materials for use in applications where a large degree of mechanical energy absorption is desired.37
Note that the mechanical energy here includes work-done by elastic deformation as well as phase
transformation.

1.2. Polymer matrix nanocomposites overview
Polymeric materials are ubiquitous in both the natural world and our daily lives in the form
of engineered goods. A polymer is a large macromolecule composed of many repeating, small
molecular units called monomers. Intrinsically, polymers are attractive engineering materials as
they boast features such as being light-weight and having ease of formability and processing.
Consideration of the mechanical properties of polymeric materials, this class of materials does
have shortcomings, as they have Young’s moduli and strengths much lower than those of metallic
7

and ceramic materials. One method to overcome the shortcomings of their mechanical
performance is to reinforce a polymeric matrix with a secondary phase as an inclusion, producing
a composite material with mechanical properties not observed in either of the constituent materials
alone.38,39,40,41 Polymer nanocomposites are materials in which a nano-scale inclusion is used as
the reinforcing phase within a polymer matrix, resulting in interaction between individual
nanofillers and the chains of the polymer matrix, as illustrated schematically in Fig. 1.4.. The
convention currently used regarding nomenclature of nanocomposites is that inclusions typically
have physical dimension ranging from 1 – 100 nm. Incorporation of various low-dimensional
materials as a reinforcing phase has been successfully carried out to enhance the mechanical
properties, particularly the mechanical energy storage capability, of the pristine, polymeric matrix
material.42,24,18,17,15,19,43,25,44,45,14,16,46,47
1.2.1 Polymer matrix-organoclay nanocomposites overview
Naturally occurring clay minerals are composed of a combination of basic unit layers or
sheets, either of a tetrahedral or octahedral variety. Generally, the stacking of tetrahedral and
octahedral sheets yields and accounts for the multitude of naturally occurring minerals. Fig 1.4
provides a schematic illustration, where stacking of tetrahedral and octahedral sheets occurs
naturally and in specific ratios that serve as the building units for clays. The stacking of clay
platelets results in a van der Waals gap between layers, which hosts inorganic cations.
Incorporation of clays into a polymer matrix necessitates the modification of their surface,
exchanging inorganic cations at the van der Waals gap with organic cations. This modification
step results in an increase of the van der Waals gap between organoclay platelets. The general
synthesis scheme for polymer-organoclay nanocomposites depends upon the dispersion of clay

8

Figure 1.4: Schematic representation of the structure of nanocomposites resulting from the
mixture of a polymer matrix with a nanofiller, such as organoclays or nanoparticles.

Figure 1.5: Schematic representation of the basic structure of a clay, with layered stacking of
platelets composed of tetrahedral and octahedral sheets and occupation of interplatelet gap by
cations.

9

platelets through the polymer matrix. General classification of the resulting composite is dependent
upon the structure of the dispersed platelets. The organic matrix can interpenetrate the van der
Waals gap of organoclays producing an intercalated structured nanocomposite, or the clay’s layers
can delaminate and result in the incorporation of nanoscale platelets in the matrix producing an
exfoliated-structured nanocomposite. The general synthesis strategy takes consideration of
intercalation chemistries and in-situ polymerization methods to promote the chemical or physical
adsorption of an organic polymer in solution and subsequent cross-linking to produce a crosslinked polymer decorated with organoclays. 48–55
The resulting mechanical properties of polymer-organoclay nanocomposites have been
characterized by many groups utilizing several subclasses of polymeric materials as the matrix
phase. A general trend in thermoplastic matrix composites with organoclay addition is that strength
and Young’s modulus increase, however, the impact strength/toughness of these composites,
which is highly dependent upon the distribution of the reinforcing phase, when compared to the
property of the pristine polymer (Figure 1.6).

56,6,57–59

A common challenge associated with

nanocomposite work is the realization of uniform and homogenous distribution of the nano-scale
reinforcing phase, which tend to form agglomerates at relatively low volume fraction of loading
due to the high surface area-to-volume ratio of the individual nanofiller. Osman et al. studied the
mechanical properties of polyethylene and functionalized organoclay montmorillonite (PE–
organoMMT as a function of degree of exfoliation of the organoclay MMT and found that strength
and Young modulus increase with increasing degree of exfoliation (d-spacing of organoclay) yet
a decrease in the strain at yield, thus highlighting the dependence of the resulting mechanical
property upon the distribution of the nanofiller. 60
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Figure 1.1: Polymer nanocomposite of medium molecular weight (MMW) and high molecule
weight (HMW) polycarbonate with montmorillonite (a) TEM micrograph highlighting large
micron scale agglomerates of organoclay (b) Young’s modulus as a function of organoclay
loading; (c) impact strength as a function of organoclay loading ; and (d) yield strength as a
function of organoclay loading.6
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Polymer organoclay nanocomposite work in which epoxy-based polymer materials are utilized as
the matrix material have also been studied extensively. Epoxy materials are typically strong and
brittle materials. Clay nanocomposites based upon epoxy matrices have been demonstrated to
show increases in Young’s modulus as well as fracture toughness.61,62 In general, the fracture
behavior of epoxy-clay nanocomposites can be attributed to the deflection of crack propagation by
the comparatively rigid clay reinforcing-phase. A degree of uncertainty exists within the epoxyclay nanocomposite community regarding the effect of organoclay exfoliation on the fracture
behavior of the composites, where the debate is intercalated or exfoliated structure of epoxy-clay
nanocomposites more effectively improves fracture toughness in these materials.63–65 Similarly,
inclusion of organoclays in an elastomer matrix produces a composite material which exhibits
enhancements in strength, Young’s modulus and toughness. 66,67
1.2.2 Polymer matrix-nanoparticle nanocomposites overview
Another class of polymer-matrix nanocomposites are those which are reinforced with inorganic
nanoparticles. Conventional polymer composites make use of a reinforcing inclusion with length
scales typically orders of magnitude larger than the length-scales present in individual polymer
chains which comprise the matrix phase. Mechanical property enhancement has been
demonstrated in these conventional composites, at relatively large volume fraction of loading. 68
The utilization of nanoparticles (d < 100 nm) as the reinforcing phase allows for realization of
enhanced mechanical properties with relatively low loading volumes (Vf < 10%) (Figure 1.7). The
interfacial interaction between polymer and filler has been offered as the key factor for
enhancement of mechanical properties.46,30,69,70,71 Inclusion of a nano-scale filler takes advantage
of the high specific surface area associated with nanomaterials, thus, ensures maximization of the
interfacial contact and interactions between the matrix and filler when plastic deformation occurs.
12

Inclusion of the reinforcing phase should be along the nano-scale regime and comparable in
dimension to the free volume associated with the matrix material. Several demonstrations have
been made in which nanoparticle loading into a polymer matrix resulting in a composite material
with mechanical properties differing from compositing with the same constituent materials at
larger length-scales. 24,18,17,15,19,43,25,44,45,14,16,46,47,72–74
The general strategy for synthesis of polymer-particle nanocomposites generally follow
three schemes: melt blending; sol-gel and in-situ polymerization methods. In each synthesis
strategy, the primary challenge is the uniform and homogenous distribution of the reinforcing
nanoparticles. Low dimensional fillers have the propensity to agglomerate with conservative
nanofiller loading (Vf < 10%) due to their large contact area which results in particle-particle
interactions due to large van der Waals attractive forces.75,76 In the case of 3-dimensional
nanofillers, spheres, the intuitive packing and particle arrangements seems to ensure a minimal
contact area, by nature of geometry, thus, the tendency of particle agglomeration should be lowest
for this filler geometry. It has been observed, that for even well-dispersed nanoparticles in a
polymer matrix, there exists clustering of the nano-scale reinforcing phase which reaches micron
length scales.77,78,79 In this situation, the resulting mechanical property enhancement is no longer
due to the nanoscale interaction of individual cross-linked sections of the polymeric matrix and
the imbedded nanoparticle. Unsurprisingly, the agglomeration of nanoparticles within a polymer
matrix influences the resulting mechanical properties of the nanocomposite and has been credited
as the mechanism for mechanical reinforcement in polymer composite works.72 This principle
challenge in the synthesis and fabrication of a polymer-nanoparticle composite material has led to
the concern that nanoparticle agglomeration may be the primary factor accounting for the
mechanical enhancement demonstrated in polymer nanocomposite materials.
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Figure 1.7: Nylon-6 and modified (square) and unmodified (circle) SiO2 nanoparticles polymer
nanocomposite (a) SEM micrograph of composite with 5% loading; (b) effect of nanoparticle
loading on composite strength; and (c) effect on nanoparticle loading on Young’s modulus.
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1.3. Shape memory materials general overview
Shape memory materials (SMM) belong to a large group of materials which undergo a
chemical or physical change in response to a physical stimulus. In the case of SMM, a physical
change occurs in response to either a thermal or magnetic stimuli allowing for the recovery of a
material that has been plastically deformed back to its original shape and dimensions.
In SMM, a reversible martensitic phase transformation is the underlying mechanism which
accounts for the ability of the material to “remember” its original configuration and change shape
from its deformed state and return to its initial state when triggered by a thermal stimulus. These
thermo-responsive SMM systems feature four characteristic temperatures which define the range
of temperatures at which the martensitic transformation is reversible. They are temperatures which
characterize and define the temperature space in which each phase is stable: austenite phase start
(As) and finish (Af) as well as the martensite start (Ms) and finish (Mf) (Figure 1.8). The
transformation from the high-temperature austenite phase to the low-temperature martensite phase
is a diffusionless solid-state phase change which is fully reversible, as there exists full coherency
between the austenite and martensite crystallographic variants which co-occupy the bulk of a SMM
specimen.80 This characteristic, reversible thermo-response in SMM can follow several different
transformation pathways. The general scheme, considered here, is as follows:
1. Austenite phase transforms to a detwinned martensite phase upon deformation
2.

Detwinned martensite transforms to austenite phase upon unloading, if temperature
exceeds As. When temperature is < As, detwinned martensite phase is metastable and
persists.
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In the case of deformation of a SMM at temperatures above the system’s As, large recoverable
strains can be realized. This phenomena is termed superelasticity (pseudoelasticity) (Figure 1.9).80
From previous discussion of elastic strain energy storage, mechanical potential energy storage in
a material system is maximized in materials that are high strength and can undergo large
recoverable strains. It has been reported that the strength of SMM is near 2 MPa and recoverable
strains of up to 10 % have been demonstrated.81,82,83

Figure 1.8: Crystallographic change during austenite to martensite phase transformation

Figure 1.9: Schematic representation of SME and superelasticity adapted from 7

16

1.4. In-situ mechanical characterization overview
The development of nanotechnology has allowed for the development and production of
advanced devices, such as MEMS and NEMS, which have successful application in commercial
and medical applications.84–86 The miniaturization of devices which rely upon polymers, metals
and ceramic materials has created the necessity to understand how material properties scale from
bulk to nano-length scales. Specifically, in the design and production of advanced devices, the
mechanical properties of materials at small-length scales is of particular importance. From a
practical standpoint, materials selection and design requires consideration of many parameters
related to the mechanical behavior of a material such as strength, Young’s modulus, fracture
behavior, etc. to develop robust and reliable devices. It has been demonstrated that mechanical
properties of a material characterized at bulk-scale differs from those characterized as the material
system approaches micron and nano length scales (Figure 1.10).87,88–90 The well establish methods
for mechanical characterization at bulk length scales cannot be directly applied to the nano-scale
which requires the development of novel techniques to characterize the mechanical behavior and
properties of materials at small length scales.
Among the challenges associated with small scale characterization is the fabrication and
manipulation of specimens. Small scale testing requires specimens which are spatially confined,
such as thin films, nanowires, nanoparticles, etc., and consequently are difficult to handle directly.
This contributes to the challenges inherently associated with small scale mechanical testing, which
are: it is difficult to prepare samples with consistent geometry; considerable residual stress within
the specimen may accumulate from handling processes; accurate gripping and alignment of small
specimens during mechanical testing. These concerns have been successfully addressed by the
small-scale mechanics community, primarily by the development of focused ion beam (FIB)
17

Figure 1.10: In-situ micropillar compression of single layer a-CuNb films.8
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milling techniques to fabricate micro- and nanopillars as well as the use of a flat-punch tip in
commercially available nanoindenters for small-scale mechanical testing.91,92,93 As a result, small
scale mechanical behavior characterization has become quiet routine and has led to the
development of commercially available systems which accurately capture force as a function of
displacement with nanoscale resolution. These systems are often placed into the chamber of a
secondary electron microscope (SEM) allowing for in-situ mechanical characterization and
directly visualization of the deformation of materials at small length scales. Uchich et al
demonstrated the use of gallium (Ga+) FIB to fabricate robust specimens for small-scale
mechanical testing with pillars having diameters approaching 200 nm. The technique introduced
by Uchich allows for the difficulties associated with small scale mechanical testing to be
addressed. Furthermore, this method of sample fabrication makes possible the mechanical testing
of bulk samples with limited volume and which may otherwise be incompatible with traditional,
macroscale characterization methods. Also, the use of nanopillar compression testing makes it
possible to characterize locally, mechanical properties of a bulk specimen or provide
approximations of the intrinsic material properties previously only able to be derived from
experiments with single crystal samples.

1.5. Dissertation Outline
1.5.1. Scope of dissertation
Chapter 1: a general overview and background of relevant content required to address the
motivation for the work of this dissertation is presented. In this section, a review of experimental
studies is presented in an attempt to illustrate the current state in this research field.
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Chapter 2: an overview of the experimental instrumentation and related theory utilized in
the work presented in this dissertation is provided. The primary instrumentation utilized in this
work was an in-situ nanoindenter for the characterization of the mechanical behavior of the
materials studied. Additional instrumentation included electron microscopy for microstructural
characterization.
Chapter 3: successful synthesis of a hybrid nanocomposite material by vapor phase
infiltration processes is demonstrated. Furthermore, microstructural and mechanical property
characterization is carried out to elucidate the mechanisms at work that allow for realization of
ultrahigh modulus of resilience in this material.
Chapter 4: consideration of a design strategy to develop compliant polymer nanocomposite
materials with high strength is presented. Micromechanical models for the Young’s modulus of
composite materials are consulted and used to inform a general guideline for the development of
a strong, yet compliant, composite material.
Chapter 5: informed by previous works, vapor phase infiltration of an inorganic phase into
an organic matrix is spatially limited by diffusion kinetics to the outermost 50 nm of the template’s
surface. Hierarchically architected structures are considered as way to bridge the gap between the
nanoscale-dependent mechanical behavior and practical device engineering length scales. Direct
laser writing of octet and octahedron nanolattices are subjects to vapor phase infiltration and the
mechanical behavior of the structure, as well as the resulting hybrid material, is characterized.
Chapter 6: superelasticity in the intermetallic compound, LaRu2P2, is characterized in FIB
machined micropillars. The presence of large, recoverable strains and high strength in this material
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allow for realization of another design route to engineering a material with large modulus of
resilience.
Chapter 7: a summary of the work presented in this dissertation is provided along with
recommendations of future work and research directions are offered.

1.5.2. Preliminary Issues
The design and realization of large elastic strain energy densities in a device is highly
dependent upon the mechanical properties of the associated materials. Realization of the general
concept can be made by use of a material system that exhibits high mechanical strength with a
compliant Young’s modulus (Figure 1.11). Typically, successful strengthening mechanisms in
material systems result in a symmetric scaling of the strength and Young’s modulus, making
engineering of a material with the mechanical properties required for high elastic strain energy
densities nontrivial.
The intrinsically compliant nature of polymeric materials serves to be a promising starting
point in the development of a novel material with high strength and low modulus, if it is possible
to enhanced strength while conserving the compliant modulus. Previous work has demonstrated
that the mechanical properties of polymer nanocomposites follow the general trend (table 1) that
strengthening in these materials also results in a stiffening or increase in the Young’s modulus.

1

Considering the challenges associated with the homogenous distribution of a nanoscale reinforcing
phase throughout a polymeric matrix, and their detrimental impact upon the resulting mechanical
properties, a novel synthesis and compositing technique is crucial to the development of polymer
nanocomposite material with large loading fractions of nanoscale reinforcements that are
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uniformly distributed with minimal agglomeration. It is possible that such a composite material
will demonstrate the mechanical property combination, high strength-compliant modulus, required
to produce a material with high elastic strain energy densities.
Another route in the design and realization of an engineering material in which large strain
energy storage and release can be realized, consideration of SMM may be promising. The
reversible phase transformation in ThCr2Si2-structured intermetallic compounds combine high
mechanical strengths and recoverable strains to allow for realization of ultra-high elastic energy
storage densities. As this mechanism for phase-change reversibility is novel, a demand for
comprehensive study and characterization of the microstructural effects, such as the presence of
impurities and other defects, upon the shape-memory effect exists. Traditional SMM rely upon an
austenite-martensite crystallographic transformation and the state-of-the-art SMM are those which
are ceramics based, demonstrating strengths near 2 GPa with recoverable strains of 7 %. 94 A class
of intermetallic compounds with ThCr2Si2-structure have demonstrated a reversible
crystallographic phase change which differs from the austenite-martensite phase transitions
typically associated with SMM.95–97
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Figure 1.11: Ashby design plot of the strength-modulus design space. Envelopes illustrate the
typical pairing of these mechanical properties for various materials systems. The colored rectangle
highlights a novel property space.

Table 1.1: Adapted from 1, trends in mechanical property enhancement in polymer
nanocomposites
Property
Young's Modulus

Crystalline
Increase w/ volume fraction
Increase or no change with decrease of size

Amorphous
Increase w/ volume fraction
Increase w/ decrease seize

Yield stress/strain

Increase w/ volume fraction
Increase w/ decrease size
Decrease w/ volume fraction

N/A
N/A
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Chapter 2: Experimental Instrumentation
Chapter 2: Experimental Instrumentation

2.1. Chapter overview
In this chapter, the methods and instrumentation utilized to carry out and obtain the results
experimentally observed are presented.

2.2. Nanoindenter
Instrumented nanoindentation based techniques for characterization of mechanical
properties have been in use since the 1970s

98,99

but this technique became widely employed for

mechanical characterization when Oliver and Pharr provided a method of analysis of obtain loaddepth data.100 In a typical nanoindentation test, the load-controlled nanoindenter apparatus applies
a force to press a hard, diamond indenter tip into the surface of a material as sensors record the
displacement of the indenter into the material. The resulting load-displacement curve is used to
determine the hardness and the modulus of the material being tested.100 In this work, an in-situ
nanoindentation device (NanoFlip, Nanomechanics, Inc.), was outfitted with a commercially
obtained flat-punch diamond indenter tip to perform quasi-static uniaxial compression of microand nanopillars and nanostructures. Application of load is by a coil/magnet assembly in the
indenter head, having load resolution of 3nN with a maximum load of 50 nN. Displacement is
measured by capacitive gauge having a displacement range of 50 m with displacement resolution
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of 0.001 nm. Obtained load-depth curves from nanopillar compression were used to calculate
stress-strain curves by

ε=

Δ depth
hp

(2.1)

P
A𝑝

(2.2)

σ=

Where ,  depth, and hp are compressive strain, change in indentation depth and nanopillar
height, respectively. , P and Ap are stress, applied load and cross-sectional contact area of the
nanopillar. Additionally, the NanoFlip (Fig. 2.1) was operated in CSM mode which allows for
continuous stiffness measurement of the sample being tested. Contact stiffness measurements and
calculations were used to confirm the presence of a crystallographic phase transformation in
ThCr2Si2-structured intermetallic compounds.

2.3. Focused-Ion beam milling of micropillars
A SEM/FIB dual beam instrument was utilized to prepare micropillars of LaRu2P2 from
solution grown single crystalline specimens for quasi-static uniaxial compression testing (Fig.
2.2). In this work, the Thermofisher Scientific Helios Nanolab 460F1 was utilized which features
a focused Ga+ ion beam as well as a Schottky thermal field emission electron column for subnanometer resolution in SEM imaging modes. The FIB has been used as a method of micro and
nanomachining and to prepare features from a bulk material with sub-micron features with success.
The working principle relies upon a focused beam of ions, similar to the beam of electrons typically

25

used in electron microscopy imaging. An ion source, in this case liquid gallium, is heated and
placed in the presence of an electric field to induce ionization. Electromagnetic lenses in the beam

Figure 2.1: Photograph of the NanoFlip (Nanomechanics, Inc.) in-situ nanoindenter outfitter
inside a FE-SEM (JEOL JSM-6335).
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Figure 2.2: SE micrograph of the surface of LaRu2P2 single crystalline specimen with FIB milled
micropillars for mechanical compression.
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column focus the gallium ions. Provided that the samples is compatible with ultra-high vacuum
environments as well as conducting, or can be made conducting, operation of the FIB at specific
beam currents can result in the sputtering, or removal of material. Using the controller software
paired with the GFIB, the user is able to apply a pattern mask for controlled and site-specific
sputtering of material from the sample surface. In this work, FIB was used as a machining method
to fabricate samples for small scale mechanical characterization. The electron beam coupled with
this instrument allows for direct visualization of the sputtering process and for precise
measurement of the geometry of the resulting micropillar, required for accurate stress and strain
calculations from obtain mechanical testing.

2.4. Infiltration Synthesis of Hybrid Nanocomposites
Sequential infiltration synthesis (SIS) is among several vapor-phase synthesis techniques
which incorporates an inorganic species in its gas-phase with an organic polymer to synthesize an
inorganic-organic hybrid material. Development of infiltration based synthesis methods began
with the attempt to apply a conformal inorganic film on an polymeric subtrate.101 Challenges
associated with the execution of this task led to the realization that polymeric substrates were able
to accommodate the diffusion of inorganic gas-phase atomic layer deposition (ALD) precursors
resulting in deposition below the surface of the substrate. Many groups have demonstrated
successfully enhancement of the mechanical, electrical, and chemical properties in hybrid
composites synthesized by vapor phase infiltration methods.

102–110

In this work, we fabricated

novel hybrid nanocomposites by utilization of SIS with SU-8 (Microchem) and IP-DIP
(Nanoscribe) polymers, commercial available photoresists.
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SIS is an organic-inorganic hybridization technique derived from ALD. Unlike typical
ALD processes, which rely on the self-limited surface reaction of gaseous precursors on substrates,
infiltration synthesis allows precursors to infiltrate into polymer templates to form inorganic
materials imbedded within the organic matrix. The polymer substrate is placed in the ALD
chamber where the organometallic ALD precursor floods the chamber and pressure held static for
several minutes. A purge step with an inert gas, usually nitrogen, removes any uninfiltrated ALD
precursor from the chamber. Water vapor is introduced to the chamber and held at a static pressure
for several minutes, allowing for infiltration and conversion of the infiltrated organometallic
molecules to metal-oxide. Lastly, an additional purge step removes excess water from the chamber.
This sequence of steps constitutes one cycle of the SIS process. Fig. 2.3 provides a schematic
representation of one SIS cycle.

2.5. Nanoscribe
Two photon lithography, or direct laser writing, is a photolithographic technique used to
fabricate micro and nanostructures from a photosensitive material, directly, without the use of
masks associated with other lithographic techniques (Fig. 2.4). The Photonic Professional GT
(Nanoscribe GmbH) is a commercially available direct laser writing system that has been used to
fabricate nanostructures with applications in the photonics, microfluidics, micromachining and
mechanics communities.

111–116

In the mechanics community, demonstration of mechanical

metamaterials have been made in which hierarchical structures are fabricated that span across
several length scales and exhibit novel mechanical propoerties.117 Fabrication of octet and
octahedron-truss nanolattices in this work was carried out in IP-DIP using the Photonic
Professional GT using laser powers ranging from 5-14 mW and writing speed of 50μm/s.
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Figure 2.3: Schematic representation of one SIS cycle, highlighting the diffusion of
organometallic and water vapor into the polymeric template and subsequent chemical interactions
as informed by ALD chemistry pathways.
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Figure 2.4: Demonstration of DLW of a structure (castle) atop of a pencil tip using the Photonic
Professional GT (Nanoscribe GmbH).
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Chapter 3:
Ultrahigh Elastic Strain Energy Storage In MetalOxide-Infiltrated Patterned Hybrid Polymer
Nanocomposites
3.1. Introduction
The storage and release of elastic strain energy in materials, along with mechanical
strength, play important roles in both natural and engineered mechanical actuation systems,
including biological tissues responsible for the fast and high-powered locomotions in animals4,31
as well as high-performance micro/nanoelectromechanical systems (MEMS/NEMS) resonators
and actuators33. Many emerging technologies also hinge on effective uses of mechanical energy
storage and release, such as alternative energy systems34,35 and artificial muscles for robotic
movements and motions36,5. Modulus of resilience (R) (unit: J/m3) measures the capacity to store
elastic strain energy in materials per unit volume prior to the onset of plastic deformation.118
Normalizing R by density (), the specific R (Rs) is also an important mechanical design parameter,
representing the elastic strain energy storage capacity per weight (unit: (J/m 3)/(kg/m3) = J/kg) in
materials.
To obtain an enhanced R in linear elastic solids, high yield strength (y) and low Young’s
modulus (E) in materials is desired, but engineering such a y-E combination is highly challenging
because both properties typically scale together.9 For example, metals and ceramics exhibit high
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y and E, while polymers have both low y and E. One system, among metallic systems, that
achieves high R are bulk metallic glasses (BMG). Characterized by their amorphous structure,
BMGs show ultra-high y (> 2000 MPa) exceeding those in most materials but possess relatively
low E (~100 GPa), comparable to those in typical metal alloys.12 This “high y -low E”
combination leads to an ultra-high R of ~20 MJ/m3 for Zr-based BMGs.12 BMGs are, however,
heavy ( ~7000 kg/m3), making its Rs ~ 2.9 kJ/kg at best. They also show relatively low mechanical
compliances (maximum elastic strain < 3%)12 and limited compatibility with nanofabrication
processes necessary for producing nanomechanical components, such as those found in NEMS
devices.
Polymers, with naturally low , represent promising starting material platforms for
achieving high R and Rs because of their intrinsically low E. Some elastomers show a high capacity
to store elastic energy among materials, but they exhibit low y (<~50 MPa)9, making them
unsuitable for engineering applications requiring high strength. Nevertheless, various
strengthening mechanisms do exist for increasing y in polymers, such as introducing fillers to
create mixed-matrix composites.1 The composite method conveniently combines the mechanical
properties of existing individual materials, allowing for tailoring in the design of a material with
desired y or E. Particularly, hybrid nanocomposites with simultaneously interpenetrating polymer
networks (SIPNs) were shown to enhance y with relatively smaller increases in E.10 However,
this composite method has been used primarily for producing bulk-scale structures; it is generally
ill-suited for controlling the mechanical properties of designed nanostructures for nanomechanical
actuation technologies. It is difficult to enhance R (or Rs) significantly through nanofabrication
processes with conventional negative photoresists because of their inherent combination of low
strength and low Young’s modulus. It is therefore necessary to develop a unique strengthening
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process, which can be directly applied to nanostructures that have been pre-fabricated. Also, this
method must be able to enhance yield strength much more significantly compared to the increases
in Young’s modulus.
In our approach, we overcome these issues and generate patterned hybrid nanocomposites
with a unique combination of y, E, and  that achieves ultra-high R and Rs with high strength by
adopting sequential infiltration synthesis, an organic-inorganic hybridization technique derived
from atomic layer deposition (ALD).102–104 Unlike typical ALD processes, which rely on the selflimited surface reaction of gaseous precursors on substrates, infiltration synthesis allows
precursors to infiltrate into polymer templates to form inorganic materials imbedded within the
organic matrix. This new nanocomposite method has proven useful for enhancing various physical
and chemical properties of polymers,107,119–121 including mechanical strength.104,105 We applied
the infiltration synthesis of aluminum oxide (AlOx) to polymer nanopillars lithographically
patterned from a commercial epoxy-based resist SU-8.122 Designed for negative-tone (i.e., crosslinkable) lithographic patterning and being one of the strongest polymeric materials y ~ 60 MPa)
with moderate E (~2 – 4 GPa),123,124 SU-8 is the primary polymer system utilized extensively for
MEMS/NEMS applications.125,126 Thus, our nanopillar was made using conventional MEMS
fabrication techniques and its dimension and material properties are similar with those of typical
MEMS SU-8 components.
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3.2. Experimental procedure
3.2.1. Experimental Details
3.2.1.1. SU-8 nanopillar patterning
SU-8 nanopillar sqaure arrays (with nominal dimension of, for instance, 300 nm diameter,
1 m heights, and 30 m pitch) were patterned by a 100 kV electron-beam lithography system
(JEOL JBX-6300FS). Diluted SU-8 2002 (MicroChem) was spin-cast (2000 – 5000 rpm) on a Si
substrate, followed by hot-plate baking for 1 min at 65 °C and an additional 1 min at 95 °C (soft
baking). Electron-beam patterning was then performed with a typical exposure dose 20 C/cm2
and 300 pA beam currents. After post-exposure baking for 1 min at 90 °C, the pattern was
developed in propylene glycol monomethyl ether acetate (PGMEA) for 10 min followed by a
thorough rinsing in isopropanol and N2 blow dry. We confirmed that the mechanical properties of
pure SU-8 nanopillar are similar with those reported in the literature. So, the cross-linking process
of our SU-8 nanopillars was properly carried out.
3.2.1.2. AlOx infiltration synthesis
The patterned SU-8 nanopillars were subjected to the AlOx infiltration synthesis at 85 °C
using a commercial ALD system (Cambridge Nanotech Savannah S100). TMA (Sigma-Aldrich)
was infiltrated into the polymer template for 5 min (vapor pressure <100 Torr), followed by N2
purging of the ALD chamber for 5 min (100 sccm). Then, water vapor was infiltrated into the
polymer next for 5 min (pressure < 10 Torr), followed by N2 purging for 5 min, completing one
synthesis cycle. A total of up to 16 cycles were applied. (Fig 3.1a)
3.2.1.3. In-situ mass gain measurement
We in-situ monitored the mass gain during the AlOx infiltration synthesis by using a QCM
system (Colnatec) installed on the ALD chamber. A thick SU-8 film (>1 m) was spin-cast onto
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a quartz crystal (Philips Technologies, Au-plated, 6 MHz resonant frequency, 14 mm diameter,
AT-cut), soft-baked, exposed to a ultraviolet (UV) light for 5 min under nitrogen (American
Ultraviolet Co.) for cross-linking, and post-exposure-baked. The change in the resonance
frequency of the SU-8-coated quartz crystal was recorded during the infiltration synthesis and
converted into mass gain values by the Sauerbrey equation using the sensitivity factor of 81.2 Hz
g-1cm2 (AT-cut crystals).
3.2.1.4. Nanomechanical property characterization
SU-8 nanopillars having undergone 0, 8 and 16 cycles of AlOx infiltration synthesis were
characterized via uniaxial compressive strain-stress tests by using an in-situ nanomechanical
device (Nanomechanics, Inc.) integrated in a field-emission SEM (JEOL JSM-6330F). We used
a constant displacement rate of 10 nm/s (equivalent strain rate = 8 × 10-3s-1), and the strain-stress
curves were calculated based on the acquired load-displacement data.
3.2.1.5. Microstructure characterization
The internal structures of the AlOx-infiltrated control SU-8 thin films were examined by
the cross-sectional high-resolution TEM (JEOL 2100F, 200 kV). The cross-sectional TEM
samples were prepared by the in-situ lift-out technique in a focused ion beam (FIB) system (FEI
Helios) using carbon and top Au protective layers applied on top of the samples. The elemental
analysis was carried out by EDXS line scans to identify the infiltration-synthesized AlOx within
the polymer matrix.
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3.2.2. Data Analysis

3.2.2.5. Determination of infil and comp in the 16-cycle AlOx-infiltrated SU-8 nanopillars
The reported  of SU-8 ( SU-8) is 1190 kg/m3.127 The depth of AlOx infiltration synthesis
in SU-8 (including the top dense layer) was ~55 nm, wherein the (areal) mass gain of 5.5 g/cm2
(= 5.5 × 10-5 kg/m2) occurred. The areal mass of 55 nm-thick SU-8 without the AlOx infiltration is
SU-8 × 55 nm = ~6.5 × 10-5 kg/m2. Thus, the total areal mass of 55 nm-thick AlO-infiltrated SU8 (16 cycles) is 12.0 × 10-5 kg/m2. Finally, infil is (1/55 nm) × (12.0 × 10-5 kg/m2) = 2182 kg/m3.
Now, considering 310 nm diameter and 1.2 m height of SU-8 nanopillars, the volume of uninfiltrated SU-8 core (VSU-8) is determined to be 3.60 × 10-20 m3, and that of 55 nm-thick 16-cycleAlOx-infiltrated SU-8 shell (Vinfil) is 5.46 × 10-20 m3. Then, the average isotropic comp is (VSU8·SU-8

+ Vinfil·infil)/(VSU-8 + Vinfil) = 1786 kg/m3.

3.3. Experimental results
3.3.1. Nanomechanical characterization of SU-8 and infiltrated nanopillars
In-situ nanomechanical measurements revealed unique elastic properties in the fabricated
hybrid nanocomposites. Using a nanomechanical testing stage integrated in a scanning electron
microscope (SEM), individual hybrid nanopillars (Fig 3.1b) were subjected to uniaxial
compressive strain-stress tests with a constant displacement rate of 10 nm/s (nominal strain rate of
8 × 10-3 s-1). We validated the precise measurement of elastic strains by correlating the measured
mechanical stress-strain data with in-situ-acquired SEM movies. Fig. 3.1c shows representative
stress-strain curves for SU-8 nanopillars with 0, 8, and 16 AlOx infiltration synthesis cycles. The
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data illustrate significant strengthening effects by AlOx infiltration synthesis and still good
mechanical compliances (maximum elastic strains of~ 8%), potentially beneficial for enhancing
the motion range of nanomechanical actuations. Corresponding y and E both increased nearly
linearly with the number of applied infiltration synthesis cycles (Figure 1d and e): The measured
y and E are ~100 MPa and ~1.7 GPa, respectively, before infiltration, comparable to the known
literature values for SU-8 and reach up to ~500 MPa and ~7 GPa, respectively, after 16 cycles of
AlOx infiltration. Here, y ~ 500 MPa of 16-cycle-infiltrated hybrid nanopillars is a surprisingly
high value, typical for metals or alloys, and yet its E ~ 7 GPa is a value usually observed in lowstrength foams.9 This is a property combination not typically coupled in most engineered materials
as highlighted by the Ashby design plot of y-E (Fig. 3.2a). Having high “metal-like” y but low
“foam-like” E, the hybrid nanocomposite occupies the “white space” within the Ashby plot,
indicating the uniqueness of these paired mechanical properties. Only two previously reported
SIPN-type bulk hybrid nanocomposites occupy the nearby white space among engineered
materials—sol-gel-produced silica-(hydroxyethyl methacrylate) (S-HEMA)12 and epoxy–siloxane
molecular hybrid (ESMH)26 (Fig. 3.2a). However, our sequential infiltration method can be
applied to post-developed nanostructures, imparting high strengths with limited increases to the
stiffness of the material. This is a strong benefit for the development of MEMS/NEMS applications,
in which tailored components with ultra-high R is required.
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Figure 3.1: (a) Schematic diagram describing the fabrication of AlOx-infiltrated hybrid
nanocomposite SU-8 nanopillars by infiltration synthesis. (b) SEM micrographs of the in-situ
nanomechanical testing tip over the arrays of AlOx-infiltrated SU-8 nanopillars (false-colored)
and the magnified view of an individual nanocomposite SU-8 nanopillar (inset). (c) Representative
measured engineering stress vs. strain curves from SU-8 nanopillars with either 0 (black), 8 (blue),
or 16 (red) AlOx infiltration synthesis cycles. (d) Measured y and (e) E of SU-8 nanopillars with
respect to the number of applied AlOx infiltration synthesis cycles. For each condition, 5-6 data
points were obtained. Solid orange lines are the guides for eyes only.
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R (MJ/m3):
1

Figure 3.2: (a) A modified strength vs. E Ashby plot (adapted with permission.9 copyright 2011,
Elsevier Ltd.) summarizing the measured y-E combinations from the 300 nm-diameter SU-8
nanopillars with either 0 (black sphere), 8 (blue sphere), or 16 (red sphere) AlO x infiltration
synthesis cycles, in comparison with other known engineered materials. The dark red sphere
indicates the 100 nm-diameter SU-8 nanopillar after 16 AlOx infiltration synthesis cycles (i.e.,
fully infiltrated). Solid orange lines denote the calculated R (= 0.5y2/E) trend lines for R = 1 –
100 MJ/m3. Note that two previously reported SIPN-type bulk hybrid nanocomposites occupy the
nearby white space (black circles: S-HEMA (y = 288 MPa, E = 2.2 GPa)10 and ESMH (y = 544
MPa, E = 10.8 GPa)11). (b) Calculated R vs. the number of applied AlOx infiltration synthesis
cycles for 300 nm-diameter SU-8 nanopillars (solid squares). The open red square refers to the 100
nm-diameter SU-8 pillar after 16 AlOx infiltration cycles. R values of other known engineered
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materials are plotted together (open circle: EVA; open triangle: S-HEMA10; open diamond:
ESMH11; open pentagon: Zr-based BMG12).

3.3.2. Modulus of resilience
The observed y-E combination of hybrid nanopillars consequently translates into ultrahigh elastic strain energy storage capacity combined with high strength. R provides the measure
of materials’ ability to absorb and release elastic strain energy that can perform work upon their
surroundings and is directly related with the measured y and E via R = 0.5y 2/E for linear elastic
solids.118 Fig. 3.2b (also see R trend lines in Fig. 3.2a) summarizes the calculated R of SU-8
nanopillars with different AlOx infiltration synthesis cycles, as well as those of other relevant
materials. For comparison, R of SU-8 without infiltration is comparable to those of elastomers
such as ethyl vinyl acetate (EVA) (R ~ 5 MJ/m3), but, with much higher y. However, 8 infiltration
cycles renders R up to ~10 MJ/m3, already much larger than those in most metals and conventional
composites (Figure 2a). Finally, in the 16-cycle-infiltrated sample, R surpasses ~20 MJ/m3,
exceeding the known highest R values in engineered materials with high strength, including Zrbased BMGs (~20 MJ/m3)12 and SIPN-type hybrid nanocomposites (S-HEMA (17.9 MJ/m3)10 and
ESMH (13.1 MJ/m3)11.

3.3.3. Microstructural characterization
Transmission electron microscopy (TEM) and in-situ quartz-crystal microgravimetry
(QCM) interrogated the internal structural of AlOx-infiltrated SU-8 and mass gain in polymer by
infiltration synthesis, respectively, revealing that the average density of a hybrid composite
nanopillar is only ~26 % of that of BMGs, consequently resulting in the highest Rs reported in the
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linear elastic regime. Cross-sectional TEM on the control cross-linked SU-8 thin film after 16 AlOx
infiltration synthesis cycles shows up to ~50 nm deep AlOx infiltration into the polymer matrix
with a ~5 nm-thick denser hybrid layer at the top portion, as confirmed by the atomic-number (Z)contrast in bright-field TEM images (Fig. 3.3a,b) and the Al K energy dispersive X-ray
spectroscopy (EDXS) line-scan performed under the scanning TEM mode (right panel in Fig.
3.3a). The AlOx-infiltrated SU-8 shows nanoscale contrast fluctuations unlike the un-infiltrated
portion of SU-8, indicating some clustering of infiltrated AlOx molecules. Nevertheless, both the
AlOx-infiltrated region and top dense layer are fully amorphous, as shown in the high-resolution
TEM micrograph (Fig. 3.3b), most likely due to the low infiltration synthesis temperature and
physical confinement by the polymer free volume which impedes AlOx crystallization. The
corresponding total mass gain during 16 AlOx infiltration cycles was determined to be ~5.5 g/cm2
by QCM measurements (Fig. 3.3c), allowing for deducing the average  of 55 nm-thick AlOxinfiltrated SU-8 (infil, including the top 5 nm dense layer) to be ~2180 kg/m3. Consequently, the
total average isotropic  of hybrid composite nanopillar with 310 nm diameter and 1.2 m height
(comp) is ~1790 kg/m3 leading to the championing Rs ~ 13.4 kJ/kg in the hybrid nanocomposite,
one of the highest values reported among materials with high strength (e.g., Rs ~ 10 kJ/kg in the
ESMH hybrid nanocomposite11s).
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Figure 3.3: (a) A cross-sectional bright-field TEM micrograph of the cross-linked SU-8 thin film
after 16 cycles of AlOx infiltration synthesis, with the right panel showing the Al K

EDXS line

scan profile (red, scanned along the yellow line) obtained under the scanning TEM mode. The
scale bar denotes 100 nm. (b) A high-resolution bright-field TEM micrograph showing the AlOxinfiltrated portion of the SU-8 thin film (scale bar: 20 nm), with the top right displaying the
magnified view of amorphous top dense layer (scale bar: 5 nm) and the bottom right the fast
Fourier transformation of the AlOx infiltrated area confirming its amorphous structure. (c) The
mass gain characteristics with respect to the number of AlOx infiltration synthesis cycles obtained
by the in-situ QCM measurement.
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3.3.4. Nearly linear elasticity
The 16-cycle-AlOx-infiltrated nanopillar also exhibits linear elastic behavior, being able to
fully release the stored elastic energy with negligible losses caused by the time-dependent damping
typically occurring in viscoelastic polymers.128 The sample loading characteristics showed
negligible strain-rate dependences within the narrow range of 10- 30 nm/s, as evidenced by the
nearly identical stress-strain curves at different displacement

rates (Fig. 3.4a) and the

corresponding in-situ-acquired SEM videos exhibiting an instantaneous geometrical recovery
during unloading (Fig. 3.4b). During rapid unloading (t = 9.0~9.5 seconds), the nanopillar quickly
recovers its shape without the signature of time-dependence, which usually shows as the loss of
tip contact with the pillar. Presumably, viscoelastic damping may be present at some critical
loading-rate in the nanocomposite due to the response contributed by the pristine, un-infiltrated
core. This demands that further characterization of the complex modulus of these hybrid
nanocomposites be carried out. For the strain rate investigated in this work, however, (10-3 s-1)
cyclic strain-stress test showed a near-zero phase offset between stress and strain responses (Fig.
3.4c) confirming the near-ideal elastic behavior of hybrid nanopillars within the tested strain rate
limit. SU-8 is one of the strongest polymer systems as highlighted in the Ashby chart. High strength
polymers typically behave as linear elastic solids under the low strain rate regime as their highly
cross-linked networks are elastically deformed mostly by atomic bond stretching, as do metals or
ceramics. Considering the highly cross-linked nature of SU-8, as well as the conservative strainrate loading conditions investigated, it is not surprising to see a linear elastic response in our
nanocomposites.
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Figure 3.4. (a) Compressive strain-stress curves measured from a 16-cycle-AlOx-infiltrated SU-8
nanopillar under three different displacement rates (i.e., strain rates): 10 nm/s (navy), 20 nm/s
(green), and 30 nm/s (orange). The nearly identical elastic strain regions indicate the negligible
viscoelasticity at these strain rates. (b) Time-lapsing video frames in-situ-acquired during the
compressive straining and unloading of the SU-8 nanopillar with 16 cycles of AlOx infiltration.
The corresponding stress-strain curve is the one with 16 infiltration synthesis cycles in Figure 1c.
Rapid recovery is observed during unloading (t = 9 ~ 9.5 sec), implying that unloading is nearly
elastic. (c) Strain/stress vs. time data measured during the cyclic elastic loading/unloading
experiment from the SU-8 nanopillar with 16 cycles of AlOx infiltration synthesis, featuring the
nearly identical phase (i.e., no time lag) between strain and stress, implicating the near-ideal elastic
behavior of the hybrid nanopillar.
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3.3.5. Fully infiltrated pillar
These observations prompt for the consideration of fully AlOx-infiltrated SU-8 material
and its mechanical properties. Based on the identified AlOx infiltration depth (~50 nm), we
fabricated 100 nm-diameter SU-8 nanopillars (~300 nm height) with 16-cycle AlOx infiltration
and obtained y ~ 670 MPa, E ~ 8.5 GPa, and corresponding R ~ 27 MJ/m3 with Rs ~ 12.4 kJ/kg ,
a combination of properties with high mechanical resilience, still occupying the white space in the
Ashby plot (Fig. 3.2a). Nanoscale materials often exhibit ultra-high strength due to size effect or
their defect-free crystal structures. The previous experimental studies have shown that the 40 nmdiameter gold nanowires28 have y of 5.6 GPa and E of 70 GPa, leading to R of 224 MJ/m3, and
nano-twinned 70 nm-diameter copper nanopillars129 have y up to 2.5 GPa, and the elastic
compliance of ~3%, with corresponding R of 37.5 MJ/m3, both exhibiting R higher than that of
our nanocomposites. However, if considering their densities, Rs values of gold nanowire and nanotwinned copper nanopillars are 11.6 and 4.2 kJ/kg, respectively, smaller than 12.4 kJ/kg of our
~100 nm diameter nanocomposite. We also compared R and Rs values of various nanoscale
materials with those of our nanocomposites (Table 3.1) and find that all these nanoscale metallic
systems have lower Rs values than the infiltrated hybrid nanocomposite due to the high densities
of metallic materials. The superior Rs combined with compatibility with nanofabrication
procedures for patterning nanomechanical components thus highlights the unique elastic energy
storage/release capability that the infiltrated hybrid nanocomposite offers. We note that the
increased y of 100 nm-diameter infiltrated nanopillars compared with that of 300 nm-diameter
counterparts does not results from the size effect occurring in crystalline nanoscale materials but
rather from an increased volume fraction of infiltrated AlOx clusters in the polymer structure.
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Figure 3.5. A representative measured engineering stress vs. strain curve from 100 nm-diameter
(300 nm height) SU-8 nanopillars with 16 AlOx infiltration synthesis cycles (i.e., fully AlOxinfiltrated).
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Table 3.1. List of  E, R,  and Rs of various one-dimensional nanostructures.

σ
(GPa)

E
(GPa)

R
(MJ/m3)

ρ
(kg/m3)

Rs (kJ/kg)

Reference

SU-8 16
cycles
nanopillar

0.52

5.7

23.9

1786

13.4

Current
work

V
Nb
Mo
Nb
Ta
W
Ta
Ti
Ti
Mg
Mg
Cu
Cu
Au
Au
Ni

2.45
0.76
3.96
1.15
2.77
2.85
1.49
3.27
3.28
0.58
0.36
2.77
2.82
1.06
1.36
2.08

128
105
329
105
186
411
186
116
116
45
45
120
120
79
79
200

23.5
2.7
23.8
6.3
20.6
9.9
6.0
46.0
46.3
3.7
1.4
32.0
33.2
7.1
11.7
10.9

6000
8570
10280
8570
16690
19250
16690
4506
4506
1738
1738
8960
8960
19300
19300
8908

3.9
0.3
2.3
0.7
1.2
0.5
0.4
10.2
10.3
2.1
0.8
3.6
3.7
0.4
0.6
1.2

130

Au nanowhisker

5.60

70

224.0

19300

11.6

141

Cu nanotwinned
pillar

2.5

83

37.5

8960

4.2

129

Material

BCC

HCP

FCC
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131
132
132
132
132
130
133
133
134
135
136
137
138
139
140

3.4. Discussion
3.4.1. Micromechanical
We probe the origin of unique high y-low E combination observed in the AlOx-infiltrated
SU-8 nanocomposite by considering two conventional nanocomposite models that can provide the
information regarding filler morphology and filler-matrix interaction. The Halpin-Tsai model has
been widely used to predict E of nanocomposites and the microstructural morphology of fillers
and their interaction with the matrix142, which are critical for understanding how the infiltrated
AlOx clusters in SU-8 enhance y significantly with a conservative increase in E, leading to the
high R in the resulting hybrid nanocomposite. The Halpin-Tsai model expresses the E of given
1+ζηf

nanocomposite as: E = EM ( 1−ηf ) , with η =

EP
−1
EM
EP
+ζ
EM

, where EM and EP are Young’s modulus

values of matrix and particle filler (i.e., AlOx cluster), and f is the volume fraction of particle. The
l

reinforcing geometry parameter is given as ζ = 2 (d) , where l/d is the aspect ratio of the
reinforcing inclusion. For a spherical geometry, ζ = 2 is used considering identical length (l) and
diameter (d). We can also consult the Hashin-Shtrikman model because it has been already used
to predict E in SIPN-type hybrid nanocomposites, which have a microstructure very similar to that
of our hybrid nanocomposites (i.e., dense distribution of hard, nanoscale spherical particles in a
soft and compliant matrix).143
The two nanocomposite models, when compared with our experimental data, suggest the
AlOx inclusion embedded in the SU-8 polymer matrix has a spherical morphology with negligible
chemical interaction with the SU-8 matrix. We find that the Halpin-Tsai model with ζ = 2 fits our
data well (Figure 5), supporting the notion that the infiltrated AlOx clusters in the SU-8 matrix
form spherical domains distributed within SU-8 matrix as observed by TEM (Fig. 3.3). The
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Hashin-Shtrikman model also shows a reasonable agreement with both the Halpin-Tsai model and
our experimental data (Fig. 3.6), again consistent with the nanocomposite morphology in which
nanoscale particle fillers are uniformly distributed in a polymer matrix. It is noted that for 100 nmdiameter nanopillars, the experimental E values are slightly lower than those the models predict.
This may might be caused by a lower AlOx concentration in the 100 nm-diameter nanopillar than
our estimation: Due to the small volume, the 100 nm-diameter nanopillar may accommodate less
amount of Al organometallic precursors (TMA) during the infiltration synthesis compared with
larger nanopillar or thin film.
We note that the  parameter of the Halpin-Tsai model is the key quantity to describe the
interaction between the spherical AlOx cluster fillers and SU-8 matrix. The  parameter is a
function of the composite property of filler and matrix phases, as well as the details associated
with the geometry and orientation of the reinforcing phase. Considering the limiting values of 
and their physical interpretation,  = 0 describes a homogenous material in which the elastic
moduli of the matrix and filler phases are indistinguishable. For example, if infiltrated AlOx
clusters are small (compared with a characteristic length scale of polymer matrix, such as the radius
of gyration) and have strong chemical bonds with the polymer matrix,  of the composite is
expected to be close to 0. On the other limit,  = 1 describes a composite in which the reinforcing
phase exists as rigid inclusions without much chemical interaction with the matrix. The value of 
obtained from our hybrid nanocomposite is 0.97, suggesting that the reinforcing phase most likely
consists of rigid inclusions of AlOx having spherical geometry and negligible interaction with SU8 matrix. From this parameter, thus, it is expected that the rigid and spherical AlOx clusters have
physical, rather than chemical, interaction with SU-8 matrix, which is in line with the fact that the
cross-linked SU-8 does not contains carbonyl groups reactive with infiltrating Al organometallic
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Figure 3.6: Plot of Young’s modulus of the composite as a function of volume fraction of AlOx
cluster fillers in the AlOx-infiltrated SU-8 nanopillars and their comparison with the Halpin-Tsai
and Hashin-Shtrikman models.
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precursors (TMA). Our recent study supports this notion as we find that the infiltrated metal oxide
(ZnOx) fillers have weak chemical interactions with the SU-8 polymer matrix.144

3.4.2. Microstructure
With these nanocomposite model analyses, the high y-low E combination achieved by
AlOx-infiltrated SU-8 nanocomposites can be thus attributed to the unique microstructure of the
infiltration layer that contains hard spherical inclusions with weak interaction with SU-8 matrix.
Generally, the elastic deformation of a cross-linked polymer matrix in nanocomposites is mediated
by bond rotations and corresponding chain conformations (e.g., stretching along sheer stress
directions) within the polymer matrix, while its permanent plastic deformation under flow stresses
is accounted for by the inter-chain slippage and kink formation preceded by intensified chain
alignment and stretching (Fig. 3.7a).145 The infiltration synthesis generates AlOx molecular cluster
“fillers” which are largely physically embedded throughout the free volume of the cross-linked
SU-8 matrix (Fig. 3.7b, left panel) due to the limited chemical reactivity of SU-8 with
organometallic precursors.144 The infiltrated AlOx clusters impart steric hindrances to the
stretching and bending of matrix polymer chains, but their weak physical interactions with the
polymer matrix and small molecular sizes lead to the relatively conservative increase in E (Fig.
3.7b, middle panel). However, at the onset of plastic deformation in the infiltrated nanocomposite,
the required inter-chain slippage and kink formation in the polymer matrix demands significant
plastic distortion and deformation of embedded AlOx clusters to accommodate the intensified
polymer chain alignment and stretching around them (Fig. 3.7b, right panel). This significant stress
transfer onto the AlOx clusters substantially increases y in the infiltrated hybrid nanocomposite
compared with the un-infiltrated neat polymer.
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Figure 3.7: Schematic diagrams describing the internal structures of: (a) un-infiltrated crosslinked SU-8 and (b) AlOx-infiltrated SU-8 polymer matrices under either no mechanical stress
(left), compressive elastic stress (middle), and near the onset of compressive flow stress (i.e., onset
of plastic strain, right). Solid black lines depict SU-8 polymer chains (entangled and cross-linked)
and green dots infiltrated AlOx molecular clusters. Red dashed lines mark the maximum sheer
stress directions, and solid red arrows the directions along which the chain stretching
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conformations (under elastic stress) and inter-chain slippages/kink formations (under flow stress)
occur.

3.4.3. General trend
It is noted that the AlOx-infiltrated SU-8 structure can be considered to resemble those of
SIPN-type hybrid nanocomposites such as S-MEHA12 and ESMH26. It is interesting to see that all
these structures possess strong nano-scale clusters which are densely embedded into cross-linked
polymer structures. This microstructural similarity provides us with a material design principle to
produce a high strength and low Young’s modulus material. Uniform and highly dense dispersion
of strong nanoparticles into a relatively strong polymer matrix would allow one to achieve high R
(or Rs). Our sequential infiltration synthesis has the benefit to create this type of hybrid composite
structure at the nanometer scale. Also, with limited chemical hybridization between the SU-8
matrix and the infiltrated AlOx molecular clusters, we have more conservative increase in Young’s
modulus than compared to S-MEHA and ESMH, leading to the ultra-high R as well as Rs (with its
low density).

3.5. Summary
We presented new organic-inorganic hybrid nanocomposites generated by the vapor-phase
infiltration of molecular-scale AlOx fillers into lithographically patterned SU-8 polymer templates.
In-situ nanomechanical tests revealed that this material had achieved metal-like high y (>500
MPa) and foam-like low E (<10 GPa), a unique paring among known engineered materials and led
to one of the highest elastic energy storage-release capacity combined with high strength, about
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four orders of magnitude higher than typical engineering alloys. Furthermore, featuring the
scalable implementation by conventional semiconductor processing (i.e., ALD) and versatile
lithographic patternability, the developed polymer nanocomposite opens up novel nanomechanical
applications, where tunable ultra-high mechanical resiliencies are critically demanded.
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Chapter 4: Developing high-strength, compliant
polymer nanocomposite by sequential infiltration of
inorganic reinforcing nanoclusters

4.1. Introduction
Polymer nanocomposites, which are mixtures of a polymer matrix with nanoscale
reinforcement phases, have been considered as promising candidates of advanced structural
materials due to their light weight, high strength and high stiffness. Nanoparticles, nanotubes and
other low-dimension materials have a significantly high surface area to volume ratio, resulting in
large total interfacial area. The large interfacial area and the effective load transfer from the matrix
usually leads to high strength and high stiffness in polymer nanocomposites, respectively. Due to
the excellent structural properties of polymer nanocomposites, their structure-property-processing
relation have been extensively investigated.
Generally, the mechanical properties of composites are largely dependent upon the shape
and size of the reinforcing phases as well as their distribution into the matrix phase. For instance,
it is well-known that the aspect ratio (shape) of the reinforcing phases makes a large impact on the
composite Young’s modulus.142 In the case of nanocomposites, the size and distribution of
nanofillers is of importance because for a given volume fraction, the interfacial area depends upon
the degree of homogeneity of distribution.146 To maximize interfacial interactions, nanofillers need
to be small and distributed homogenously without any significant agglomeration. However, this is
not a trivial task because nanoparticles usually tend to interact with each other and agglomerate
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during nanocomposite synthesis. Many theoretical predications of the elastic properties of polymer
nanocomposites have been modified to include the effects of agglomeration of the reinforcing
phase particles, which usually result in the less enhancement of mechanical properties.42 Therefore,
it is highly important to control not only the size and shape but also the distribution of nanofillers
to obtain the desired mechanical properties that engineering applications need.
Composites in engineering applications often require superior capability of strain energy
absorption and release. For instance, the fast and rapid locomotion of artificial muscles in
bioinspired mechanical robots relies upon the interplay of elastic strain energy storage and release
in artificial tissues and structures.36,2 The use of elastic strain energy release is also prevalent in
engineering devices such as sporting goods equipment and resonator and actuators found in
microelectromechanical devices (MEMs). The maximum strain energy storage in linear elastic
materials is called the modulus of resilience.118 Polymer matrix composites are the most promising
material candidates for the design of materials with high modulus of resilience. Considering the
high strength-low modulus requirement for high modulus of resilience, successful strengthening
of a polymer, with intrinsically compliant Young’s modulus, would allow for realization of a
composite material with this functionality. However, the typical trend in strengthen of polymers
by compositing, or other methods, results in a stiffening of the material (/E~1), allowing for
conservative values of modulus of resilience. Several groups have demonstrated composite
materials with high strength-low modulus derived by sol-gel synthesis which produced hybrid
composites, however, there exist many challenges with the homogenous distribution of the
inorganic phase within an organic matrix.17,14,147
In this work, we first provide a general design principle to guide the synthesis of highstrength, compliant polymer nanocomposites informed by thermodynamic and geometrical
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limiting conditions in consideration of the nanofiller phase. Second, in an attempt to realize the
suggested conditions for nanocomposite design, we introduce a novel synthesis method, sequential
infiltration, synthesis (SIS), which allows for diffusion of inorganic molecules into the free volume
of a polymer matrix. Third, we present their microstructural and mechanical characterization thus
demonstrating a novel polymer nanocomposite with compliant modulus and high strengths.

4.1.2. Design Principle of High Modulus of Resilience Polymer Nanocomposite
4.1.2.1 Obtaining the lower bound of Young’s modulus
The Halpin-Tsai (H-T) and Hashin-Shtrikman (H-S) models have been successfully used
to estimate the composite properties. Both models provide an upper and lower bound for the
composite elastic property of interest, providing a micromechanical guideline and expectation of
the resulting property as a function of volume fraction of the constituent phases. The H-T offers a
range of composite modulus values for a system, taking into consideration the geometry of the
reinforcing phase. From the H-T model, Young’s modulus of the composite is expressed as:
1 + ζηf
EC = EM (
)
1 − ηf

(4.3)

EP
EM − 1
η=
EP
EM + ζ

(4.4)

where,

Here, Ec, Em and Ep are the moduli of the composite, matrix and particle material, respectively.
Furthermore, the parameter for the geometry of the reinforcing phase is given as:
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l
ζ = 2( )
d

(4.5)

where 𝐥/𝐝 is the aspect ratio of the filler having length, l, and diameter, d. In considering the lower
limit specified by the H-T model, interestingly, inclusion of spherical particles (aspect ratio of
unity) allows for realization of conservative increase in the composite modulus over a large
compositional range, up to volume fractions of 0.8 of the reinforcing phase.
Further consultation of micromechanical models for the composite modulus, the H-S
model has been used to provide a lower and upper bound of the composite modulus of polymer
nanocomposite systems based on thermodynamic calculations without considering the geometry
of the secondary phase. In the H-S model, the composite property is dependent upon the bulk
elastic properties of the matrix and particle material. From the lower bound of the H-S model:
EC,L =

9K C,L GC,L
3K C,L + GC,L

(4.6)

𝐄𝐂,𝐋 is the estimated lower bound Young’s modulus of the composite, 𝐊 𝐂,𝐋 is the estimated lower
bound bulk modulus of the composite, 𝐆𝐂,𝐋 is the estimated lower bound shear modulus of the
composite.
𝐊 𝐂,𝐋 = 𝐊 𝐌 +

𝐆𝐂,𝐋 = 𝐆𝐌 +

𝐟
𝟏
𝟑(𝟏 − 𝐟)
𝐊 𝐏 − 𝐊 𝐌 + 𝟑𝐊 𝐌 + 𝟒𝐆𝐌
𝐟

𝟏
𝟔(𝐊 𝐌 + 𝟐𝐆𝐌 )(𝟏 − 𝐟)
+
𝐆𝐏 − 𝐆𝐌
𝟓𝐆𝐌 (𝟑𝐊 𝐌 + 𝟒𝐆𝐌 )

(𝟒. 𝟕)

(𝟒. 𝟖)

where
𝐊𝒙 =

𝐄𝒙
{𝟑(𝟏 − 𝟐𝐯𝒙 )}
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(𝟒. 𝟗)

𝐆𝒙 =

𝐄𝒙
{𝟐(𝟏 + 𝐯𝒙 )}

(𝟒. 𝟏𝟎)

Here, Kx, Gx, and Ex are the bulk, shear and Young’s modulus of the corresponding material,
where subscript x is either m or p, for matrix or particle phase properties, respectively.
Additionally, vx is the Poisson ratio of the constituent material of the matrix or particle phase.
Interestingly, the lowest bound of the H-S model describes the similar trend with that of
the lowest bound of the H-T model. These theoretical results imply that an aspect ratio of unity for
the secondary phase is close to the thermodynamic limit of the lower bound of Young’s modulus.
Therefore, it is clear that the compliant nature intrinsic to the polymer matrix material can be
preserved in a polymer composite which utilizes a reinforcing phase having spherical geometry
(aspect ratio = 1) and bulk elastic properties much larger than those of the matrix material. Modulus
enhancement is closely related to intrinsic properties of the constituent materials comprising the
composite, such as interatomic bonding, as well as the interaction between filler and matrix phases.
Note that both H-T and H-S models assume complete elastic stress transfer through the
particle-matrix interface and these continuum models do not consider any size effect of the
secondary phase. Thus, as long as the adhesion between matrix and particle is strong enough to
satisfy the strain compatibility, Young’s modulus does not depend upon the size of the particle.
This fact is greatly important when the composite Young’s modulus increases conservatively with
the volume fraction of particles while the composite yield strength, which would be more sensitive
to the particle size, increases more substantially.
4.1.2.2. Maximizing the yield strength: Particle size effect
Young’s modulus and yield strength typically scale together9, therefore, one would expect
that a composite material with spherical particulate inclusion will not exhibit high yield strength.
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Under this circumstance, it would still be possible to improve the strength of the particulate
composite by taking advantage of size effects. From a micromechanical framework, we observe
that, in the thermodynamic limit, a composite material with spherical particles (aspect ratio of
unity) will result in a composite material with conservative increases in Young’s modulus for a
large loading of the secondary phase. From discussions in the previous section, both models do
not include any size effect due to the continuum nature of both models. However, yield strength
would be strongly dependent upon the size of the particle because plastic flow of the matrix is
significantly affected by the total interfacial area between matrix and particle. Macroscopic plastic
flow in polymers occurs when polymer chains slide along adjacent interfaces. It is therefore critical
to increase the interfacial area of the interacting reinforcing filler in order to maximize the
composite’s yield strength. Note, that for a given volume fraction the total interfacial area can be
increased by reducing the size of particle. Thus, polymer nanocomposites are able to demonstrate
enhancement in the yield strength by the use smaller sized of particles.
While the H-S or H-T model explains the composite Young’s modulus relatively well with
the assumption of complete load transfer, there is no specific model to predict composite strength
because strength is highly sensitive to microstructure and defects. To ensure strengthening in a
polymer composite, one expects that as the volume fraction of the filler phase increases, the
resulting strength of the composite does as well. From polymer nanocomposite work, the
importance of the interfacial region between polymer and filler on the resulting mechanical
property is clear.15,44,45,77 Inclusion of a nano-scale filler takes advantage of the high specific
surface area associated with nanomaterials, thus, ensuring maximization of interfacial contact and
interactions between the matrix and filler when plastic deformation occurs. Inclusion of the
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reinforcing phase should be within the nano-scale regime and comparable in dimension to the free
volume associated with the matrix material.
Considering a spherical particle:
A 4πr 2 3
=
=
V 4πr 3
r
3

(4.11)

The total specific surface area of a spherical nanoparticle in a nanocomposite scales with the
loading fraction of the filler, vf, such that
A
3
= ( ) vf
V
r

(4.12)

For a fixed loading fraction, decrease in the particle size will yield a larger interfacial area. An
increase in the quantity of interfacial interactions is necessary for effective interaction between
the matrix and filler.
In consideration of how to design a high strength, low modulus polymer composite
material, one should use the uniform distribution of spherical, nano-sized particles at large volume
fractions. Surprisingly, both H-T and H-S models suggest that Young’s modulus does not change
much up to 80% of the volume fraction of spherical particles. A common trend in the field of
realizing polymer nanocomposites with enhanced mechanical properties is to overcome the
challenge of homogenous distribution of the nanoparticle filler phase throughout the matrix. One
technique to promote dispersion of nanoparticles in a polymer matrix is the chemical modification
of the particle surface, such that the interaction between particle and matrix is more favorable than
the inter-particle interactions which lead to agglomeration.47 Although this method to promote
uniform dispersion throughout the matrix to realize a homogenous polymer nanocomposite has
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been successful, consideration of the mechanical properties of the chemical surface modifying
phase must be made.
From micromechanical models, incorporating a spherical filler phase which is much
stronger and stiffer than the matrix phase material ensures that the composite modulus of the
resulting material will remain compliant. Increasing interfacial interactions between filler-matrix
leads to high strength in polymer composite materials and utilizing a nano-scale filler will
maximize interfacial contact between matrix and filler phases. A survey of polymer nanocomposite
works which make use of spherical, nanoparticles as the filler phase reveal that the lower bound
of composite modulus, as predicted from H-T and H-S models, is not realized experimentally in
works which rely upon mechanical dispersion of a nanofiller phase. One potential method to
overcome these challenges is to take advantage of diffusion kinetics to “push” a nanofiller particle
into and throughout the polymer matrix with large free-volume, rather than the mechanical mixing
in the liquid state. Sequential infiltration synthesis (SIS) is a modified atomic layer deposition
(ALD) technique which has been used to infiltrate an inorganic phase into an organic matrix,
producing a hybrid nanocomposite with enhanced physical properties. In an attempt to realize a
compliant and strong polymer nanocomposite, we demonstrate the use of SIS as an effective means
to uniformly distribute a nano-spherical, hard and strong filler phase into the polymer matrix to
produce a hybrid nanocomposite that is high strength, yet still compliant.

4.2. Experimental procedure
4.2.1. Sequential Infiltration Synthesis
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Lithographically patterned nanopillar arrays (D = 300 nm, h = 1200 nm) were prepared
and, we subjected to sequential infiltration synthesis (SIS). Diluted photoresist (SU-8 2002
MicroChem) was spin-coated (2000- 5000 rpm) onto Si substrates, baked at 65 oC for 1 minute
and soft-baked at 95 oC for an additional minute. The nanopillar arrays were patterned by a 100
kV electron-beam lithography system (JEOL JBX-6300FS) with exposure doses of 20C/cm2 at
300 pA beam currents. Post-exposure, the patterned was baked for 1 minute at 90 oC and developed
in propylene glycol monomethyl ether acetate (PGMEA) for 10 minutes followed by thorough
rinsing in isopropanol and N2 stream drying. From previous works, the mechanical properties of
the pure SU-8 nanopillar are similar to those values found in the literature, confirming the
effectiveness of cross-linking in our nanostructures.
Sequential Infiltration Synthesis (SIS) was carried out on the patterned nanopillars by
exposure to organometallic precursors trimethylaluminum (TMA) and diethylene zinc (DEZ) at
85 °C using a commercial ALD system (Cambridge Nanotech Savannah S100) (Fig 4.1). TMA
and DEZ (Sigma-Aldrich) were infiltrated into the polymer template for 5 min (vapor pressure
<100 Torr), followed by N2 purging of the ALD chamber for 5 min (100 sccm). Water vapor was
then infiltrated into the polymer for 5 min (pressure < 10 Torr), followed by N2 purging for 5 min,
completing one synthesis cycle which facilitated the conversion to AlOx and ZnOx, respectively.
A total of up to 16 cycles were carried out. Each cycle of the conversion from organometallic
precursor to metal oxide upon introduction of water vapor is chemically identical to the ALD
process, in which the reacting species are limited to the surface of a substrate. In our SIS technique,
we make use of far longer exposure times for both water and organometallic vapors, on order of 5
minutes compared to the pulse times of 10-1000 ms typically associated with conventional ALD
film growth. This longer exposure allows for diffusion of the species in vapor-phase into the SU64

8 polymer matrix, which has a relatively large free volume. From the free-volume theory of
diffusion, the rate of transport, and consequently permeability, of a gas in a glassy polymer can be
described in terms of the excess hole free volume associated with the glassy state. Upon
consideration of the longer exposure times, compared to ALD, and the relatively large excess hole
free volume of cross linked SU-8, conditions are sufficient to allow for diffusion of the species
into the polymer matrix and subsequent chemical conversion.
4.2.2. Microstructure and in-situ nanomechanical characterization
AlOx-infiltrated SU-8 thin films were examined by cross-sectional high-resolution TEM
(FEI Talos, 200 kV). Cross-sectional TEM samples were prepared by a focused ion beam (FIB)
milling (FEI Helios) and lift out procedure. Before the lift-out process, e-beam-assisted Pt
deposition was conducted to protect the sample surface. Ion-beam-assisted Pt deposition was also
carried out to provide a more robust Pt capping layer. Elemental analysis was carried out by
Energy-Dispersive X-ray Spectroscopy (EDXS) line scans and compositional maps from HRSTEM images.
SU-8 nanopillars having undergone 0, 8 and 16 cycles of with TMA/H2O and DEZ/H2O
were characterized via quasi-static uniaxial compression by an in-situ nanomechanical device
(NanoFlipTM, Nanomechanics, Inc., TN, USA) integrated in a field-emission scanning electron
microscope (SEM) (JSM-6330F, JEOL, Japan). A constant displacement rate of 10 nm/s
(equivalent strain rate = 8 × 10-3s-1) was used and engineering strain-stress curves were calculated
from acquired load-displacement data. In-situ video was also recorded to confirm that no
significant error in strain measurement was made.
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Figure 4.1. Schematic of the experimental procedure carried out to fabricate hybrid
nanocomposite specimens. SU-8 photoresist is solution casted onto a Si-wafer coupon, subjected
to electron beam lithography for patterning of nanopillar arrays, developed and subjected to SIS
with TMA and DEZ/H2O
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4.3. Experimental results
4.3.1. Microstructure of hybrid nanocomposites
Microstructural analysis of the hybrid nanocomposites was carried out via transmission
electron microscopy (TEM). Spin-cast thin films of SU-8 were subjected to infiltration by SIS with
TMA/H2O and underwent cross-sectional analysis with BF-TEM. From current and previous
works, we observe an infiltrated hybrid layer measuring ~50 nm in depth from the free surface of
the thin film. From EDS compositional mapping, we observe the presence of uniformly distributed
signal for K-alpha characteristic x-rays for Al (Fig 4.2b). This microstructural observation, in
addition to considerations of gas phase infiltration in glassy polymers by free volume, allows us
to conclude that infiltration of AlOx and ZnOx into an SU-8 matrix produces a homogenous
distribution of small, dense metal-oxide clusters. Cross-sectional characterization of the
microstructure of infiltrated SU-8 thin films confirmed a 50 nm diffusion depth limit for both TMA
and DEZ organometallic precursors within the SU-8 matrix. The volume fraction of ZnO
occupying the hybrid phase of the composite material was calculated considering data from in-situ
QCM measurements. From these gravimetric measurements, the mass uptake recorded after 8
cycles of SIS was 6.4 g/cm2 and 16 cycles was 12 g/cm2. The corresponding volume fraction of
inorganic phase loading was determined to be 32 and 59 %, respectively. In-situ QCM
measurements during the SIS process provide data for the total amount of mass gain during each
iteration of the SIS cycle. From QCM data, SIS with TMA/H2O into SU-8 yielded mass gain of 4
and 5.5 g/cm2 for 8 and 16 cycles, respectively. SIS with DEZ/H2O into SU-8 yielded mass gain
values of 6.4 and 12 g/cm2 for 8 and 16 cycles, respectively. Volume fraction, Vf of the inorganic
phase of the hybrid composite was calculated by:
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Figure 4.2: BF-TEM cross-sectional micrograph (a) and HR-STEM compositional analysis via
EDX (b) with K characteristic x-rays energy for aluminum, carbon, silicon, platinum and
oxygen. Sample is SU-8 thin film with 16 infiltration cycles with AlOx
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𝐕𝐟 =

𝐕𝐢𝐧𝐨𝐫𝐠𝐚𝐧𝐢𝐜
𝐕𝐭𝐨𝐭𝐚𝐥

(𝟒. 𝟏)

where Vinorganic and Vtotal are the volumes of the inorganic phase and total nanopillar. From QCM
data, we determine the volume of the inorganic phase, Vinorganic, to be:

𝐕𝐢𝐧𝐨𝐫𝐠𝐚𝐧𝐢𝐜 =

𝒎𝒂𝒔𝒔 𝒈𝒂𝒊𝒏
𝛒𝐢𝐧𝐨𝐫𝐠𝐚𝐧𝐢𝐜

(𝟒. 𝟐)

where mass gain is the mass uptake measurement from in-situ QCM experiments and inorganic is
the density of the corresponding infiltrated metal-oxide. From literature surveys, the density was
determined to be 3000 and 5610 kg/m3 for amorphous, ALD AlOx and ZnO, respectively. The
corresponding volume fraction of the inorganic phase loading was determined to be 32 and 59 %
for SIS with DEZ/H2O 8 and 16 cycles. For SIS with TMA/H2O, volume fraction of the inorganic
phase was determined to be 40 and 51 % for 8 and 16 cycles of infiltration.
4.3.2. Mechanical behavior of hybrid nanocomposites
Lithographically patterned SU-8 nanopillar arrays (d = 300 nm) having undergone 0, 8 and
16 cycles of SIS with DEZ/H2O were subjected to quasi-static uniaxial compression testing.
Calculated stress-strain curves from force-displacement data show an average flow stress at 1%
strain of 367 MPa and 556 MPa for nanopillars after 8 and 16 cycles of SIS with DEZ/H2O,
respectively (Fig 4.3). The corresponding Young’s moduli for the composite material was found
to be 5.5 GPa for 8 cycles and 7.6 GPa for 16 cycles infiltrated samples. Upon consideration of
the spatial limitation of the hybrid composite material in our nanopillars, it is important to consider
the mechanical properties of the hybrid composite material, which occupies the outermost 50 nm
of the nanopillars studied in this and previous works. Using a calculation method described
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Figure 4.3: Representative stress-strain curves calculated from load-displacement data obtained
during nanomechanical compression of infiltrated SU-8 nanopillars
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in previous work148, the average flow stress at 1% strain of the organic-inorganic hybrid phase
with 8 cycles (Vf = 0.32) is 565 MPa with a Young’s modulus of 8.1 GPa. For the 16 cycles
infiltration specimen (Vf = 0.59) the flow stress and Young’s modulus was found to be 894 MPa
and 11.8 GPa, respectively.
As initially queried in this work, the route to which a composite material with high, metallike strengths and a compliant foam-like modulus can be realized is furthered considered. SIS
fabricated hybrid nanocomposites yield a polymer nanocomposite in which strength is greatly
increased, while conservative increases in the elastic modulus are realized. Considering the
modulus and flow stress enhancement (Er= Ec/Em and r1% = c/m), we calculate Er and r1%
values for 8 cycles SIS with DEZ to be, 4.0 and 5.6, respectively. For the 16 cycles SIS DEZ
samples, Er and r1% are found to be 5.9 and 8.9, respectively. Figure X presents Er and r1% values
for SU-8 hybrid nanocomposites fabricated by SIS.
Realization of the potential engineering applications for such a composite material may be
elucidated upon consideration of the modulus of resilience, R, a measure of a material’s ability to
elastically store and release strain energy. For the hybrid organic-inorganic material considered
here, the corresponding moduli of resilience was calculated to be 20 and 34 MJ/m3 for 8 and 16
cycles DEZ infiltration, respectively.

4.4. Discussion
4.4.1. Organic-inorganic hybrid nanostructure
The microstructure of the infiltrated SU-8 polymer was queried by cross-sectional
transmission electron microscopy (TEM) analysis. Thin films of the SU-8 photoresist were spun
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cast onto Si wafer coupons and subsequently subjected to SIS with TMA/H2O. Cross-sectional
TEM of SU-8 thin film after 8 and 16 SIS cycles with AlOx does not show nanoscale contrast
fluctuations as observed in previous TEM analysis work. Compositional analysis of the infiltrated
thin films was carried out by EDX while operating in STEM mode. A compositional map of the
Al K characteristic x-rays energies show a uniform and dense distribution of Al particles
throughout the SU-8 thin film sample. From in-situ QCM gravimetric analysis, we calculated the
corresponding volume fraction of loading for the resulting composite with infiltrated metal-oxide.
For ZnO, the volume fraction of reinforcing phase was found to 32 % and 59 % for 8 and 16 cycles
of DEZ/H2O infiltration cycles, respectively. For the AlOx SU-8 composite, the volume fraction
of reinforcing phase was found to 40% and 51% for 8 and 16 cycles of TMA/H 2O infiltration
cycles, respectively. From QCM analysis, we observe that the SIS fabrication method allows for
large volume fraction loading of a second-phase in the matrix material. Furthermore, STEM
compositional analysis reveals that there is uniform distribution of the reinforcing phase with no
considerable agglomeration of the reinforcing particles, as typically observed in the addition of
inorganic nanoparticles into an organic matrix. Considering the resulting microstructure, a large
volume fraction of uniformly distributed inorganic particles within the SU-8 matrix, the conditions
discussed in previous sections to design and realize a composite material with high strength and
compliant Young’s modulus are revisited. From micromechanical models predicting the
composite Young’s modulus, the lower bounds of HT and HS models illustrate that for uniform
distribution of hard, spherical particles, the Young’s modulus of the matrix material can be
conserved for a large range of volume loading. Comparison of the composite Young moduli
obtained from compression of SU-8 nanopillars having undergone SIS with TMA and DEZ show
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Figure 4.4: Modulus enhancement, Er, as a function of volume fraction of filler presenting the
lower-bound from HT and HS micromechanical models as well as Young moduli obtained from
compression of infiltrated SU-8 nanopillars.
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excellent agreement with the lower bounds of both HT and HS models, providing further
confirmation of the resulting microstructure of the hybrid composite material (Fig 4.4).
4.4.2. Strength, Young’s modulus and modulus of resilience
Infiltration synthesis of hybrid organic-inorganic nanocomposites has been demonstrated
to produce a composite material with a unique coupling of mechanical properties, specifically,
high strength and compliant Young’s modulus. Typically, as highlighted in an Ashby design plot
of strength-Young’s modulus, strength and Young’s modulus are directly proportional to one
another and strengthening methods carried out in a material result in an overall stiffening of the
material. The ZnO and AlOx infiltrated SU-8 composites occupy the design “white space” of a
strength-Young’s modulus Ashby plot, highlighting the novelty of the resulting mechanical
properties in these materials (Fig 4.5). The modulus of resilience is a measure of a material’s
ability to store elastic strain energy. For a linear elastic material, the modulus of resilience is
defined as:

R=

σ2
2E

(4.1)

where,  and E are the yield strength and Young’s modulus of the material. From a design principle
standpoint, it is apparent that in order to realize a large modulus of resilience a material must have
high-strength and a low Young’s modulus. This combination is uncharacteristic of many materials,
as highlighted in this discussion. By SIS, we demonstrate the fabrication of a composite material
in which ultrahigh values of modulus of resilience can be realized. Table 4.1 summarizes the
mechanical properties of the infiltrated hybrid nanocomposites.
The mechanical properties of polymer nanocomposites are highly dependent upon the
homogenous distribution of the secondary phase. It has been demonstrated that incorporation of
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Figure 4.5: Ashby design plot of the strength-Young’s modulus property space, highlighting the
mechanical property of infiltrated SU-8 hybrid nanocomposites and sol-gel derived hybrid
composite materials. ESMH13, MPMS14 and S-HEMA10
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Table 4.1: Summary of the mechanical properties of metal-oxide infiltration SU-8 hybrid
nanocomposites
Avg 1% (MPa)

SD

Avg. E (GPa)

8x SIS DEZ

564.7

27.1

8.1

1.7

19.8

16x SIS DEZ

894.1

58.5

11.9

1.4

33.8

16x SIS TMA

573.2

31.2

7.8

1.6

21.2

Sample
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SD

R (MJ/m3)

nanoscale fillers in a polymer matrix results in substantial agglomeration of the reinforcing
particles at conservative loading fractions, Vf < 3 %.149–154 In this case, the predicted mechanical
properties from micromechanical models cannot be realized as the regions of agglomeration tend
to act as a phase-segregated region and macroscopically, the composite property cannot be
realized. One method to ensure uniform and homogenous distribution of a nanoscale filler phase
has been demonstrated in this work, by vapor phase infiltration, which relies upon diffusion
kinetics to “push” the inorganic reinforcing phase into the free-volume of the organic matrix. Other
groups have demonstrated inorganic-organic hybrid nanocomposites with uniform distribution of
the secondary phase by utilization of sol-gel synthesis techniques.14,10,13 The work of these groups
are highlighted in the Ashby plot in Fig 4.5 and Fig 4.6. Microstructurally, the sol-gel derived
hybrid nanocomposites feature nanoscale fillers that are homogenously distributed throughout the
matrix material, with minimal agglomeration. Similar to this work, it is the combination of uniform
distribution and the length scale of the filler particles which allows for high-strength and compliant
Young’s modulus to be realized.
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Figure 4.6: Plot of modulus and strength enhancement surveyed in polymer nanocomposite works
(black squares), this work and sol-gel derived hybrid composites. 24,18,17,15,19,25,16,20–23,26–28,29,30
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4.5. Summary
In this work we demonstrate hybrid nanocomposites by vapor phase infiltration of an
organic matrix which exhibit a unique coupling of mechanical properties, high-strength and
compliant Young’s modulus. This atypical combination of mechanical properties allows for the
realization of ultrahigh values of modulus of resilience, effectively demonstrating the
extraordinary ability of these materials to store elastically, mechanical potential energy during
their deformation. Due to the nearly linear elastic response of these hybrid nanocomposites and
minimal losses due to viscoelastic damping, the theoretical values of energy storage can be realized
during energy release, as it is expected there to be minimal energy losses. It is demonstrated that
use of SIS as a fabrication technique allows for dense, uniform distribution of a nanoscale
inorganic phase throughout an organic matrix. Informed by micromechanical models which
predict the lowest possible bound of composite Young’s modulus, this fabrication technique
satisfies the criterion specified. However, the infiltration fabrication method is limited to the
nanometer scale, as presented in this and previous works, where the diffusion depth of
organometallic precursors during SIS is limited to near 50 nm. Although appropriate for the
realization of MEMS devices where a material with an enhanced modulus of resilience is desired,
this method is not successful in development of bulk-scale devices. It is therefore crucial to develop
a fabrication method in which uniform distribution of spherical nanoparticles, with Vf > 50 %, to
obtain bulk-scale compliant polymer composite materials with high strength.
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Chapter 5: Hierarchically Structured Infiltrated
Hybrid Nanocomposite Nanolattices
5.1. Introduction
Hierarchically architected structures are those which take advantage of the cellular
geometries typically found in nature to produce engineered structures that are mechanically robust.
Classical examples of careful consideration of geometric architecture are evident in the Eifel
Tower. From a materials design standpoint, it has been demonstrated that tuning of the resulting
mechanical properties of a material can be achieved by adjustment of the geometry of the
microstructure.

155–159

The accessibility of commercially available direct laser writing

instrumentation, such as Photonic GT (Nanoscribe GmbH), has allowed for the development and
study of structured materials and how the mechanical properties of the parent material scale with
porosity or with changes in cellular geometry.

Microlattice materials are those which are

composed by the tessellation of a single, truss-like structural unit cell in three-dimensions. It has
been demonstrated that ceramic and metallic material microlattices exhibit large specific
strengths160,161. It has been shown that deformation in cellular materials is accommodated by either
bending or stretching within the individual elements of the solid. The deformation mode is highly
dependent upon the geometry of the structural unit. For bending-dominated structures, such as
octahedron-truss microlattices, there exists a low degree of connectivity while stretching
dominated structures, such as octet-truss microlattices, exhibit high degrees of structural
connectivity. 162
The dependence of mechanical properties upon size has been well documented and
characterized in materials, as they exhibit different behavior at sub-micron length scales when
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compared to their counterpart at bulk scales.

163–165,137

As features of the lattice geometry

approaches sub-micron length scale, it is possible to take advantage of material size-dependent
properties present in the geometry of the unit cell at large structural length scales. Vapor phase
infiltration is a synthesis technique which has been demonstrated to produce hybrid organicinorganic nanocomposites with unique mechanical properties. Using a modified ALD technique,
an organometallic precursor diffuses below the surface of an organic substrate template.
Subsequent reaction with water vapor allows for the conversion and embedding of an inorganic
nanoparticle which uniformly decorates the organic matrix. Although an effective method to
uniformly distribute a large volume fraction of nanoscale inorganic fillers, vapor phase infiltration
techniques are often spatially limited as determined by the diffusion kinetics of the vapor phase
species in the organic matrix. Hybrid nanocomposites with enhanced modulus of resilience have
been demonstrated by SIS, however, infiltration depth of the second phase is limited to the
outermost 50 nm from the surface of the organic template. It is possible to fabricate a polymeric
nanolattice by DLW, which features sub-micron dimensions within its unit cell, and tessellate the
unit cell in three-dimensions to produce a resulting periodic structure with dimensions approaching
millimeter. In this work, we fabricate 40 m cubic octet and octahedron-truss nanolattices from
IP-DIP and subject the resulting structures to SIS with TMA/H2O in order to realize an infiltrated
hybrid nanocomposite.

5.2. Experimental procedure
Octet and octahedron-truss unit cells where designed utilizing CAD files within the
NanoWrite User Interface (Nanoscribe GmbH). A beam radius of 1 m and cell width of 10 m
was selected. A commercially available direct laser writing system (Photonic Professional GT,
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Nanoscribe GmbH) was used to fabricate 4x4x4 arrays of octet and octahedron-truss unit cells
Figures 5.1 and 5.2. The resulting polymeric structures were made from IP-DIP using the Photonic
Professional GT with laser powers ranging from 5-14 mW and writing speed of 50μm/s.
Infiltration synthesis of the resulting IP-DIP nanolattices was carried out at 85 °C using a
commercial ALD system (Cambridge Nanotech Savannah S100). TMA (Sigma-Aldrich) was
infiltrated into the polymer template for 5 min (vapor pressure <100 Torr), followed by N2 purging
of the ALD chamber for 5 min (100 sccm). Then, water vapor was infiltrated into the polymer next
for 5 min (pressure < 10 Torr), followed by N2 purging for 5 min, completing one synthesis cycle.
A total of up to 16 cycles were applied.
Mechanical characterization of polymeric and the infiltrated hybrid composite nanolattices
was carried out via in-situ uniaxial Microcompression with a NanoFlip (Nanomechanics, Inc)
outfitted in a field-emission SEM (JEOL JSM 6335F). All nanolattice compression experiments
were performed using displacement controlled methods corresponding to a strain rate of ~ 10-4.
Stress-strain curves were calculated from obtained load-displacement data utilizing the projected
contact area of the nanolattice ( (40 μm)2).
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Figure 5.1: SEM micrograph of 4x4x4 octahedron-truss nanolattice

Figure 5.2: SEM micrograph of 4x4x4 octahedron-truss nanolattice
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5.3. Experimental results
Stress strain curves for octet and octahedron-truss nanolattices having undergone up to 4
SIS cycles are presented in Figs 5.3 and 5.4. For both nanolattice structures, a constant relative
density was considered. Relative density, ρ̅, is defined as the ratio of the volume of the cellular
unit cell to the total unit cell volume. Scaling relations between the yield strength and Young’s
modulus of the structure and the relative density of a cellular solid are well defined. For stretching
dominated structures, Young’s modulus and yield strength scale as follows166:
1
σy = ρ̅σys
3

(5.1)

1
E = ρ̅Es
9

(5.2)

And for bending dominated structures167:

σy =

1
ρ̅σ 1.5
3 ys

E = ρ̅Es 2

(5.3)
(5.3)

Where, E and y are the Young’s modulus and yield strength of the structure, ρ̅ is the relative
density and Es and ys are the Young’s modulus and yield strength of the corresponding material
of the solid, respectively.
From SEM micrographs, the beam diameter and length comprising the structural unit of
each unit cell was determined. For octet-truss nanolattices, beam diameter = 1.2 μm and beam
length = 6.6 μm. For octahedron-truss nanolattice, beam diameter = 1.1 μm and beam length = 7.4
84

μm. Considering these dimensions of the structural units, a representative CAD model of the unit
cell was constructed and volume calculations were carried out with SOLIDWORKS software.
Values of the composite materials Young’s modulus and yield strength, Es and ys, are
calculated using the scaling relations for cellular solids presents in Eqs. 5.1 – 5.3. A summary of
the mechanical properties of the IP-DIP nanolattices infiltrated with AlOx are presented in Table
5.1. For SIS with IP-DIP as the polymeric matrix, there appears to be a transition in the deformation
behavior after a critical number of infiltration cycles. In the case of the octet-truss nanolattice,
after 2 cycles of SIS, the resulting structure begins to adopt a brittle failure mode as evidence in
the sudden failure from stress-strain curve and from in-situ acquired videos. For the octahedrontruss nanolattices, the infiltrated structures do not experience a change in the failure mechanism
with respect with infiltration cycles.
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Figure 5.3: Calculated stress-strain plot of octet-truss nanolattices having undergone up to 16
cycles of SIS.

Figure 5.4 : Calculated stress-strain plot of octahedron-truss nanolattices having undergone up to
16 cycles of SIS.
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Table 5.1: Summary of mechanical characterization of octahedron and octet-truss nanolattices

octahedron
Sample
0x TMA
1x TMA
2x
4x
octet
Sample
0x TMA
1x TMA
2x
4x

y (MPa)
0.79
1.5
1.61
1.33

y
tot
E (GPa)
R (MJ/m3)
0.063
0.401 0.01253968
0.024885
0.078
0.402 0.01923077
0.0585
0.066
0.402 0.02439394
0.05313
0.08
0.441
0.016625
0.0532

y (MPa)
3.21
5.714
7.31
6.92

y
tot
0.071 0.389
0.109 0.392
0.164
0.35
0.064
0.15
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E (GPa)
R (MJ/m3)
0.04521127 0.113955
0.05242202 0.311413
0.04457317
0.59942
0.108125
0.22144

5.4. Discussion
Vapor phase infiltration of an inorganic species into an organic matrix has been
demonstrated as a successful method to produce a polymer nanocomposite material in which a
large volume fraction of the reinforcing phase is uniformly distributed throughout the matrix. From
previous discussions and consideration of a design principle in order to achieve high strength, the
development of high strength-compliant polymer nanocomposites hinges upon the uniform
distribution of nanoscale inorganic fillers. In the typical case, strength and Young’s modulus
increase symmetrically making it difficult to realize a polymer matrix composite in which the
compliant modulus intrinsic to polymeric materials is retained.
The mechanical properties of the hybrid nanocomposite resulting from SIS upon the IPDIP nanolattice templates were determined from the known scaling relations for cellular solids
(eqns. 5.1 – 5.3). Using calculated values of Es and ys, the modulus of resilience of the resulting
infiltrated IP-DIP hybrid nanocomposite was calculated by:
σys 2
Rs =
2Es

(5.4)

Table 5.2 presents the mechanical properties of the IP-DIP-AlOx hybrid nanocomposite.
Considering the enhancement of the mechanical property of interest, we can define Xr = Xc/Xm,
where X is either yield strength or Young’s modulus and subscripts of c and m refer to the property
of the composite and the matrix material, respectively. Figure 5.5 presents a plot of the
enhancements in yield strength and Young’s modulus for the hybrid composite material resulting
from infiltration synthesis of octet and octahedron-truss nanolattices. The general trend observed
is that infiltration of AlOx into an IP-DIP template is an effective synthesis method to provide
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greater increases in the strength of the composite material than to the stiffening of the material. It
is this combination of mechanical properties which allows for realization of large values of
modulus of resilience, a unit of measure of a material’s ability to store and potentially release
elastic strain energy.

Table 5.2 summary of the mechanical properties of the IP-DIP-AlOx hybrid nanocomposite.
octahedron
Sample
0x TMA
1x TMA
2x
4x

ys (MPa)
88.11836
167.3133
179.583
148.3512

Es (GPa)
Rs (MJ/m3)
1.352178317
2.871236
2.073691188
6.74974
2.630445852
6.130149
1.792706032
6.138225

octet
Sample
0x TMA
1x TMA
2x
4x

ys (MPa)
74.82517
133.1935
170.3963
161.3054

Es (GPa)
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Figure 5.5: Summary of the modulus and strength enhancement for octet and octahedron-truss
nanolattices with increasing iterations of SIS with TMA/H2O. Diagonal trend line is linear line
(m= 1).
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Figure 5.6: Ashby design plot of the Young’s modulus-strength property space highlighting the
resulting mechanical properties of the AlOx infiltrated IP-DIP hybrid material and the infiltrated
nanolattice structures.
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Previous works have demonstrated the effectiveness of vapor phase infiltration in
producing high strength- compliant hybrid nanocomposites. Fig 5.6 presents an Ashby design plot
of the of the Young’s modulus-strength property space and highlights that the resulting hybrid
nanocomposite from AlOx infiltration of IP-DIP features a unique coupling of mechanical
properties, occupying the design “white space.” In this plot, we observe that the resulting infiltrated
IP-DIP hybrid nanocomposite exhibits novel functionality, presenting metal-like strength with a
polymeric-like modulus.
The application of DLW to fabricate IP-DIP nanolattices, 40 m in dimension, was used
in attempt to “bridge the gap” between the length scales associated with the infiltration synthesis
process and the scales which practical, engineered devices occupy. Consulting Fig 5.6, we observe
that the mechanical properties of the infiltrated nanolattice structures occupy a similar category as
those of natural materials. Although not attaining the coveted engineering “white space” of this
Ashby plot, it is interesting that the hierarchal structuring of an infiltrated hybrid nanocomposite
material results in mechanical properties similar to those found in natural materials. Hierarchical
structuring has been attributed as the reason for many of the extraordinary mechanical behaviors
typically observed in materials.

5.5. Summary:
In this work we demonstrate hybrid nanocomposites by vapor phase infiltration of AlOx
into an IP-DIP polymeric matrix and present the resulting mechanical properties of the infiltrated
hybrid nanocomposite material as well as the properties of the infiltrated nanolattice structures.
The resulting combination of strength and Young’s modulus of the infiltrated hybrid
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nanocomposite, as calculated from compression of infiltrated octet and octahedron truss
nanolattices, occupies the design “white space” of a property Ashby chart. This atypical
combination of mechanical properties allows for the realization of values of modulus of resilience
not typically attained in engineering materials. It is demonstrated that use of SIS as a fabrication
technique allows for dense, uniform distribution of a nanoscale inorganic phase throughout an
organic matrix.
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Chapter 6: Superelasticity in the novel intermetallic
compound LaRu2P2
6.1. Introduction
An understanding of the mechanical behavior of a material in response to an externally
applied load is of great importance, as it allows for the successful design and utilization of safe
and reliable engineered goods and devices. In general, a material system responds to an applied
load either by interatomic bond stretching/compression or by atomic rearrangement and
displacements in attempt to accommodate the applied forces. For responses up to the elastic limit
of a material, the stress/strain accommodations are made by the stretching and compressing of the
interatomic which compose the material and are reversal upon removal of the applied load. In the
case of atomic rearrangement as a mechanism for stress/strain accommodation in a material, the
resulting deformation of the material is plastic and non-recoverable as the atomic displacements
are not reversible and they do not return to their equilibrium position after removal of the applied
load. Shape memory materials (SMM) belong to a large group of materials which undergo a
chemical or physical change in response to a physical stimulus. In the case of SMM, a physical
change occurs in response to either thermal or magnetic stimuli allowing for the recovery of a
material that has been plastically deformed, back to its original shape and dimensions.
In SMM, the underlying mechanism for recovery after deformation has occurred is a
reversible martensitic phase transformation. This accounts for the ability of the material to
“remember” its original configuration and change shape from its deformed state and return to its
initial state when triggered by a thermal stimulus. These thermo-responsive SMM systems feature
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four characteristic temperatures which define the range of temperatures at which the martensitic
transformation is reversible. They are temperatures which characterize and define the temperature
space in which each phase is stable: austenite phase start (As) and finish (Af) as well as the
martensite start (Ms) and finish (Mf). The transformation from the high-temperature austenite
phase to the low-temperature martensite phase is a diffusionless solid-state phase change which is
fully reversible. In the case of deformation of a SMM at temperatures above the system’s As, large
recoverable strains can be realized. This phenomena is termed superelasticity(pseudoelasticity).80
From previous discussion of elastic strain energy storage, mechanical potential energy storage in
a material system is maximized in materials that are high strength and can undergo large
recoverable strains. It has been reported that the strength of SMM is near 2 GPa and recoverable
strains of up to 10 % have been demonstrated.81,82,83 From previous discussions and consideration
of a material’s modulus of resilience, one can realize a large elastic strain energy storage capacity
by the combination of high yield strength and large recoverable, elastic strains. Superelasticity in
SMM allows for realization of large, recoverable strains by reversible, pressure-induced phase
transformation. A material exhibiting superelasticity proves to show promise as use in an
application where a material with a high stain energy storage is desired, as the mechanical
properties satisfy the condition for maximizing modulus of resilience, that is, high strength and
large elastic strains.
In this work, we characterize the mechanical properties of LaRu2P2, a novel intermetallic
compound belonging to a larger class of ThCr2Si2-structured compounds which exhibit
superelasticity at room temperature and potential SME at cryogenic temperatures. The general
class of ThCr2Si2-structured compounds exhibits the prototypical tetragonal unit cell structure
presented in Fig 6.1. Upon uniaxial compression along the c-axis, there is ~ 10% reduction in dx-
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x,

the interatomic distance between adjacent layers of X-type atoms, as a result of a magnetic

phase change, transitioning to a collapsed tetragonal metastable phase. Upon removal of load, the
dx-x, value increases and the structure returns to its parent tetragonal phase.168,169

Figure 6.1: Schematic of the unit cell of parent tetragonal ThCr2Si2 (left) and LaRu2P2 (right)
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6.2. Experimental procedure
Single crystalline LaRu2P2 where synthesized via a Sn-flux solution crystal growth
method.170 FIB milling of micropillars (Fig 6.2) was carried out on the as-received LaRu2P2
specimens in a dual beam focused Ga+ ion beam microscope (Thermo Fisher Scientific Strata 400S
Dual Beam FIB). Dimensions of the machined micropillars were confirmed and measured using
SEM imaging. Mechanical characterization of the fabricated LaRu2P2 micropillars was carried out
by quasistatic uniaxial compression experiments performed using an in-situ nanomechanical
device (NanoFlip, Nanomechanics, Inc.) Obtained load-displacement data from compression
testing was used to calculate stress-strain plots for LaRu2P2 micropillars.

Figure 6.2: FIB machining of a LaRu2P2 micropillar (right) atop single crystalline specimen (left).
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6.3. Experimental Results
In-situ micropillar compression was carried out on FIB milled micropillars. A
representative stress-strain plot of loading until failure is presented in Fig 6.3. Three different
regions are assigned during the stress-strain response. LaRu2P2 is an intermetallic compound
belonging to a larger class of ThCr2Si2-strucutred compounds which undergo a pressure-induced
phase change. Regions I, II and III correspond to deformation of the parent crystallographic phase,
during crystallographic phase change and deformation of the second phase, respectively. Our
quasi-static uniaxial microcompression experiments are carried out in CSM mode which allows
for continue stiffness measurements of the indenter head-substrate contact to be acquired. Contact
stiffness measurements as a function of strain are presented in Fig 6.4 and serves as a signature of
the pressure-induced phase change in this material, observed as a sudden decrease in contact
stiffness. From microcompression of LaRu2P2 micropillars, the maximum strength of this material
is observed to be 7 GPa with a strain at failure of 9 %.
LaRu2P2 micropillars were subjected to cyclical, elastic loading to determine the degree of
elasticity/plasticity associated with the deformation-induced crystallographic phase change. The
stress-strain response during three cycles of elastic loading are presented in Fig 6.4. Large,
recoverable strains of 8.5% are demonstrated in the cyclic, elastic loading of a LaRu2P2
micropillar, with yield stresses near 6.5 GPa.
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Figure 6.3: Representative stress-strain curve and contact stiffness plot from compression of
LaRu2P2 micropillar.

Figure 6.4: Cyclical loading of LaRu2P2 micropillar, in compression prior to yielding, illustrating
the repeatability of large recoverable strains.
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6.4. Discussion
Superelasticity, or pseudoelasticity, is a response to mechanical deformation which is
exclusively observed in materials which undergo a pressure-induced phase change. The prefix of
“pseudo-“ is generally assigned to this phenomenon in an attempt to differentiate the mechanisms
accounting for recoverability in these materials and that it is not attributed solely to the
lengthening/shortening of interatomic bond distances, as in linear elastic metals and alloys. It has
been demonstrated that LaRu2P2, as well as other compounds having the ThCr2Si2 structure,
undergo a crystallographic phase change upon application of hydrostatic or uniaxial c-axis loading.
Plots of contact stiffness as a function of strain (Fig. 6.3) typically provide a visualization of the
structural collapse which occurs during the transition from the parent tetragonal phase to the halfcollapsed tetragonal phase. Typically, during uniaxial compression of micropillars, the initial
increase in the contact stiffness is due to the indenter head making contact with the sample and
effectively settling any small misalignment or surface roughness effects. After contact with the
specimen, the contact stiffness of the indenter head-pillar system does not increase much and
remains relatively constant until the compression experiment is complete. In the case of
compression of LaRu2R2 micropillars, after the contact stiffness increase associated with contact
with the specimen occurs, there is an abrupt decrease in the system stiffness. The sudden loss of
contact between the indenter head and the micropillar is due to the structural phase change to the
half-collapsed tetragonal phase, which experiences a reduced c-axis of near 10%. The contact
stiffness then increases again, as compression of the half-collapsed tetragonal phase occurs. The
stress-strain response of LaRu2P2 micropillar compression is assigned three regions: (I) uniaxial
compression of the tetragonal phase; (II) uniaxial compression during the structural collapse and
(III) uniaxial compression of the half-collapsed tetragonal. Fig 6.3 presents that a narrow amount
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of strain can be accommodated during deformation of the half-collpased tetragonal phase, before
sudden catastrophic failure occurs.
Loading a LaRu2P2 micropillar in compression, prior to the ultimate failure point (Fig. 6.4),
we observe that the deformation-induced structural collapse is reversible. The superelastic
response, accommodated by the phase transition from tetragonal to half-tetragonal crystallographic
phases, allows for the realization of 8.5% elastic strain. Results from density functional theory
(DFT) calculations confirm that uniaxial loading along the c-axis resulting in a crystallographic
phase change which is stabilized by the formation of bonds between adjacent layers of P-atoms
(Fig.6.5). The introduction of P-P bonding in the collapsed tetragonal phase is reversible and does
not induce any residual strain in the material, as it is the result of linear displacement in the
direction of the c-axis. The combination of high strength and large elastic strains in this material
allows for the storage of elastic strain energy. The modulus of resilience is a measure of a
material’s ability to store elastic strain energy. For linear elastic materials, the modulus of
resilience, R, is defined as:

R=

σ2
σ Eε
=
2E
2E

(6.1)

Where ,  and E are the stress, strain and Young’s modulus of the material, respectively. From
Eqn. 6.1, assuming a yield strength of 6.5 GPa and elastic strain of 8.5%, we can calculate the
modulus of resilience for LaRu2P2 to be 276.3 MJ/m3.
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Figure 6.5: DFT calculations from uniaxial compression along the c-axis inducing the tetragonal
to half-collapsed tetragonal phase change. The introduction of bonding between adjacent layers of
P-atoms accounts for the reversibility of the phase change.

102

6.5. Summary
In this work, we characterize the presence of superelasticity in the intermetallic compound,
LaRu2P2, which allows for realization of elastic strains of near 8.5%. Uniaxial compression along
the c-axis of this material induces a reversible crystallographic phase change, from a tetragonal to
collapsed tetragonal phase and is the origin for the superelastic response observed. Considering
the functionality of a high strength material with large elastic strain, we calculate an ultrahigh
modulus of resilience allowing this material to store and release an extraordinarily large amount
of elastic strain energy.
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Chapter 7: Conclusions and Future work
7.1. Overview
This dissertation has focused upon the development and characterization of novel hybrid
organic-inorganic nanocomposite materials with unique material functionality. From a
fundamental structure-property standpoint, this work offered is preliminary in nature. It is
important to consider a direction for future work so that the fundamental mechanisms which allow
for high-strength compliant composite materials and enhanced modulus of resilience to be realized
are elucidated.

7.2. Summary
7.2.1. Ultrahigh modulus of resilience in AlOx-infiltrated SU-8 nanopillars
We presented novel organic-inorganic hybrid nanocomposites generated by the vaporphase infiltration of molecular-scale AlOx fillers into lithographically patterned SU-8 polymer
templates. In-situ nanomechanical tests revealed that this material had achieved metal-like high y
(>500 MPa) and foam-like low E (<10 GPa), a unique paring among known engineered materials
and led to one of the highest elastic energy storage-release capacity combined with high strength,
about four orders of magnitude higher than typical engineering alloys. Furthermore, featuring the
scalable implementation by conventional semiconductor processing (i.e., ALD) and versatile
lithographic patternability, the developed polymer nanocomposite opens up novel nanomechanical
applications, where tunable ultra-high mechanical resiliencies are critically demanded.
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7.2.2. Design considerations to fabricated hybrid nanocomposite materials with large modulus
of resilience
We demonstrate hybrid nanocomposites by vapor phase infiltration of an organic matrix
which exhibit a unique coupling of mechanical properties, high-strength and compliant Young’s
modulus. This atypical combination of mechanical properties allows for the realization of ultrahigh
values of modulus of resilience, effectively demonstrating the extraordinary ability of these
materials to store elastically, mechanical potential energy during their deformation. It is
demonstrated that use of SIS as a fabrication technique allows for dense, uniform distribution of a
nanoscale inorganic phase throughout an organic matrix. Informed by micromechanical models
which predict the lowest possible bound of composite Young’s modulus, this fabrication technique
satisfies the criterion specified.
7.2.3. Hierarchical structuring to bridge length scale gaps.
The infiltration fabrication method utilized to produce hybrid nanocomposites materials is
limited to the nanometer scale, where the diffusion depth of organometallic precursors during SIS
is limited to near 50 nm. Although appropriate for the realization of MEMS devices where a
material with an enhanced modulus of resilience is desired, this method is not successful in
development of bulk-scale devices. We utilized direct laser writing of polymeric octet and
octahedron-truss nanolattices and produced hybrid nanocomposites by vapor phase infiltration of
AlOx into an IP-DIP polymeric matrix and present the resulting mechanical properties of the
infiltrated hybrid nanocomposite material as well as the properties of the infiltrated nanolattice
structures. The resulting combination of strength and Young’s modulus of the infiltrated hybrid
nanocomposite, as calculated from compression of infiltrated octet and octahedron truss
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nanolattices, occupies the design “white space” of a property Ashby chart. This atypical
combination of mechanical properties allows for the realization of values of modulus of resilience
not typically attained in engineering materials.
7.2.4. Elastic strain energy storage in superelastic LaRu2P2
In this work, we characterize the presence of superelasticity in the intermetallic compound,
LaRu2P2, which allows for realization of elastic strains of near 8.5%. Uniaxial compression along
the c-axis of this material induces a reversible crystallographic phase change, from a tetragonal to
collapsed tetragonal phase and is the origin for the superelastic response observed. Considering
the functionality of a high strength material with large elastic strain, we calculate an ultrahigh
modulus of resilience allowing this material to store and release an extraordinarily large amount
of elastic strain energy.

7.3. Future work
7.3.1 Microstructural characterization of vapor phase infiltrated hybrid nanocomposites
A central theme in Materials Science and Engineering is the structure-property
relationships which give rise to observed material properties and behaviors. In the preliminary
work presented in this dissertation, cross-sectional TEM and HR-TEM was utilized to elucidate
the microstructure of infiltrated hybrid nanocomposites. Although providing some structural
information, EM-based techniques are notable to fully visualize the microstructure of the
infiltrated inorganic species and their occupation sites within the polymer matrix. Coherent
diffraction imaging (CDI) is an imaging technique in which a 3D image is reconstructed from a
diffraction pattern. A coherent beam of either electrons or x-rays are incident upon a sample and
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their scattering is recorded as a diffraction pattern. CDI has been demonstrated to be an effective
method to visualize nanoscale phenomenon, boasting resolutions of 2 nm in inorganic materials
and resolution of 10 nm in organic materials.171–173 For vapor phase infiltrated hybrid
nanocomposites, the infiltrated inorganic phase has a length scale ~ 5 nm within the SU-8 matrix.
An image construction from CDI techniques may be able to visualize the structure of the
infiltrating species and elucidate their interaction with other inorganic particles and the
surrounding matrix.
7.3.2 Effect of infiltration upon fracture properties of polymer
An understanding of the failure behavior of structural materials is imperative in the design
and engineering of safe and reliable devices. Fracture toughness is a material property which
quantifies a material’s resistance to brittle-like failure, or fracture. The presence of flaws, such as
cracks in materials, is ubiquitous and often unavoidable. Therefore, an understanding of the
stability of preexisting flaws in a material under mechanical deformation is necessary for its
successful application in the real-world. The vapor phase infiltrated hybrid nanocomposite work
presented in this dissertation was primarily interested in the elastic properties of the resulting
material, as the demonstration of novel high strength-compliant mechanical properties allowed for
realization of ultrahigh moduli of resilience to be made. An interesting research direction for vapor
phase infiltrated hybrid nanocomposite would be to study their fracture behavior, specifically, the
role that infiltration may have upon the fracture toughness of the material as well as if infiltration
offers any viable toughening mechanisms. Typically, the growth and propagation of a crack in a
material occurs when the elastic strain energy being stored during deformation exceeds the critical
energy barrier required for crack growth.

The versatility of vapor phase infiltration-based

techniques to produce hybrid nanocomposite materials may allow for straightforward preparation
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of a specimen for fracture toughness characterization. As demonstrated, infiltration synthesis can
be carried out upon a polymeric template of any structure, i.e. nanopillar, nanolattice, thin film,
etc. It is possible to fabricate a polymeric microbeam for micro/nano beam bending test via FIB
milling techniques. The prepared microbeam could then subjected to various cyclical iterations of
SIS to impart varying loadings of nanoscale inorganic fillers. From here, the effect of inorganic
infiltration into a polymeric matrix upon the fracture properties of the polymer can be studied.
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